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Abstract

This Report contains summary information and figures depicting the Los Alamos

ENDF evaluations that extend up to 150 MeV (the “LA150 Library”), developed for

enhanced computational simulations of Accelerator-Driven Systems [1].

Information is included here for the following isotopes and elements important in

radiation transport simulations of Accelerator-Driven Systems: l’2H, C, 14N, 160, 27AI,
zB,zg,sOSi 31P Ca SO,SZ,SS,SACr SA,SG,S7Fe 58,G0,61,6z,6qNi, 63,63cu 93Nb 182,183 )184,186w,,,,
XW07,~OBpb. For each material we include:

1.

2.

3.

Summary documentation from the ENDF file-1.

A summary printout of the total nonelastic, elastic, and production cross sections

of light ejectiles, and the partial and total neutron kerma coefficients for neutron

heating.

Figures showing: (1) the incident-energy-dependence of the nonelastic cross sec-

tion and the production cross sections; (2) a 3-D representation of the light ejectile

angle-integrated cm. emission spectra; (3) a 3-D representation of the light ejec-

tile Kalbach-preequilibrium-ratios (from which angular distributions can be deter-

mined); (4) elastic scattering angular distributions; (5) heating; (6) damage (for

incident neutrons).

The figures, in particular, allow one to quickly assess trends intheevaluateddata,
andtoensuretheabsenceofnumericalerrorsintheEN DF-files. All the information was

obtained in an automated manner from the LA150 evaluations.’ Much of this information

is also available on the WWW at: http://t2.1anl. gov/data/he. html
This work, which focusses solelyontheevaluateddata,complementsRef. [1] which

focusses on the physics involved, together with benchmark comparisons with experi-

mental data.

[1] M.B. Chadwick, P.G. Young, S. Chiba, S.C. Frankle, G.M. Hale, H.G. Hughes,

A.J. Koning, R.C. Little, R.E. MacFat-lane, R.E. Prael, L.S. Waters, “Cross Section

Evaluations to 150 MeV for Accelerator-Drive Systems and Implementation in MCNPX,

Los Alamos Report LA-UR-98-1825, Nucl. Sci. Eng. 131, 293-328 (1999).

1SupportedbytheLANL AcceleratorProductionofTritiumProgram





PART A: INCIDENT NEUTRONS





EVALUATION OF n+lH CROSS SECTIONS FOR THE ENERGY
RANGE 1.OE-11 TO 150 MEV

ENDF/B-VI Evaluation Revision, February, 1998
G. M. Hale and P. G. Young

This is an interim updating of the ENDF/B-VI Revision 2
(Release 5) evaluation to extend the incident neutron energy
range from 100 to 150 MeV. The elastic scattering cross section
from the R-matrix analysis used for ENDF/B-VI is matched in the
energy region of 26 - 30 MeV to elastic cross sections from
Arndt’s phase-shift solution, VL40. Arndt’s elastic cross
section is used directly in the evaluation above the matching
region to 150 MeV. A smooth extrapolation was made of MT=102 to
150 MeV.

This new evaluation has a smoother transition across the
matching region than did the previous ENDF/B-VI file, and
corresponds more closely to the recommendation of the EANDC
standards subcommittee for n-p cross sections above 20 MeV.
Proton kerma values calculated from this file deviate by no more
than 2% from the previous ENDF/B-VI values at energies up to 100
MeV.
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EVALUATION OF n + 2H CROSS SECTIONS FOR THE ENERGY
RANGE 1.OE-11 to 150 MeV

P. G. Young, G. M. Hale, and M.B. Chadwick
3 February 1997

1. suMMARY

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
neutron energy range from 1.OE-11 to 150 MeV. Below 50 MeV the
evaluation is based mainly on the ENDF/B-VI.3 (Release 3)
evaluation by Young (Y094) .

To summarize, the following ENDF sections are utilized at all
energies:

MF=3 MT= 1 Total Cross Section
MT= 2 Elastic Scattering Cross Section
MT= 3 Nonelastic Cross Section
MT= 16 2H(n,2n)lH Cross Section
MT=102 Radiative Capture Cross Section (Estimate Only at

higher energies)

MF=4 MT= 2 Elastic Angular Distributions

MF=6 MT= 16 Production Cross Sections and Energy-Angle
Distributions for Emission Neutrons, Protons,
Deuterons, and Alphas; and Angle-Integrated
Spectra for Gamma Rays and Residual Nuclei That
Are Stable Against Particle Emission

The following modifications were made to the ENDF/B-VI.3
evaluation:

1. The (n,2n) , elastic, and nonelastic cross sections were
revised slightly above 10 MeV to better reflect experimental
data;

2. The tabulated elastic scattering angular distributions
(MF=4, MT=2) below 3.2 MeV and above 20 MeV were revised
slightly to better reflect measurements. The results below 3.2
MeV are based on a couple-channels R-matrix analysis.

2. METHODOLOGY USED IN NEW EVALUATION

The neutron total cross section is based on ENDF/B-VI below
100 MeV and on experimental data between 100 and 200 MeV. The

elastic scattering, nonelastic, and 2H(n,2n)lH cross sections
were determined above 10 MeV in concert, using the fact that the
nonelastic cross section essentially equals the (n,2n) cross
section above En - 1 keV, and the elastic and nonelastic cross
sections must sum to the total cross section. Note that we

revised the existing ENDF/B-VI (n,2n) cross section at most
eneraies between 10 and 100 MeV to improve the agreement with—d—-

experimental data. We also included ‘&xperimental data for the
I

proton reaction cross section of 2H in our analysis, as weI



determined empirically that- it is entirely consistent with the
neutron nonelastic (or reaction) cross section above an incident
nucleon energy of about 20 MeV.

The elastic cross section and angular distributions below an
incident energy of 4 MeV were validated by comparing to results
of a coupled-channels R-matrix analysis. No changes were made
to the existing ENDF/B-VI.2 cross section evaluation because the
results were consistent with data and the R-matrix analysis;
the elastic angular distributions below 3.2 MeV were replaced
with tabulated distributions from the R-matrix analysis.

Several elastic scattering angular distribution measurements
exist above 20 MeV which we fit with Legendre expansions to get
integrated cross sections and to establish the evaluated angular
distributions. Especially important are the measurements of
Romero, Wang, and Howard, as well as the partial distributions
of Yountz and Palmieri. We inferred nonelastic cross sections
from the elastic scattering angular distribution measurements
above 20 MeV, combined with our evaluated total cross section
from experimental data.

We assume that the energy distributions of neutrons from
2H(n,2n)lH follow a pure three-body phase space distribution
all incident neutron energies and utilize LAW=6 in MF=6 to
represent these energy distributions.

at

**************** **************** **************** ****************
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EVALUATION OF n + C CROSS SECTIONS FOR THE ENERGY
RANGE 1.OE-11 to 150 MeV

M. B. Chadwick and P. G. Young
19 June 1996

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
neutron energy range from 1.OE-11 to 150 MeV. The discussion
here is divided into the region below and above 20 MeV.

INCIDENT NEUTRON ENERGIES c 20 MeV

Below 20 MeV the evaluation is based completely on the ENDF/B-
VI.1 (Release 1) evaluation by Fu (Fu90) . The following minor
modifications were made to the ENDF/B-VI.l evaluation:

1. The energy range from En = 20 MeV to 32 MeV was replaced by
the LANL evaluation (described below);

2. The elastic, nonelastic, and total cross sections from 19 to
20 MeV were varied to join smoothly with the higher energy
values at 20 MeV.

3. The new flag, LCT=3, is used in MF=4,MT=2 to indicate that
Legendre polynomials are used below 20 MeV and probability
tabulations at higher energies. A small discontinuity exists for
MF=4,MT=2 at 20 MeV where the two different representations join.
The higher energy evaluation utilizes a tabulation in order to
overcome the inaccuracies caused by the ENDF-6 limitation of 20
for the maximum number of Legendre coefficients.

INCIDENT NEUTRON ENERGIES > 20 MeV (12C analysis)

The evaluation above 20 MeV utilizes MF=6, MT=5 to represent
all reaction data. Production cross sections and emission
spectra are given for neutrons, protons, deuterons, alpha
particles, gamma rays, and all residual nuclides produced (A>5)
in the reaction chains. To summarize, the ENDF sections with
non-zero data

MF=3 MT= 1
MT= 2
MT= 3
MT= 5
MT=102

MF=4 MT= 2

MF=6 MT= 5

MF=33 MT= 1
MT= 2

above En = 20 MeV are:

Total Cross Section
Elastic Scattering Cross Section
Nonelastic Cross Section
Sum of Binary (n,n’) and (n,x) Reactions
Radiative Capture Cross Section (Estimate Only)

Elastic Angular Distributions

Production Cross Sections and Energy-Angle
Distributions for Emission Neutrons, Protons,
Deuterons, and Alphas; and Angle-Integrated
Spectra for Gamma Rays and Residual Nuclei That
Are Stable Against Particle Emission

Covariance file for total cross section
Covariance file for elastic cross section



MT= 3 Covariance file for nonelastic cross section
MT= 5 Covariance file for composite reaction cross sect.
MT=102 Covariance file for capture cross section

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
C12 and p + c12 reactions (Ch96a) . We use the GNASH code system
(Y092), which utilizes Hauser-Feshbach statistical, preequi-
librium and direct-reaction theories. Coupled-channel and
spherical optical model calculations are used to obtain particle
transmission coefficients for the Hauser-Feshbach calculations,
as well as for the elastic neutron angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions that exceed a cross section of
approximately 1 nb at any energy. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A model was developed to calculate the energy distributions of

all recoil nuclei in the GNASH calculations (Ch96b) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. Note
that all other data in MT=5,MF=6 are given in the center-of-mass
system. This method of representation requires a modification of
the original ENDF-6 format.

Preequilibrium corrections were performed in the course of the
GNASH calculations using either Feshbach, Kerman, Koonin (FKK)
theory [Ch93] or the exciton model of Kalbach (Ka77, Ka85) .
Discrete level data from nuclear data sheets were matched to
continuum level densities using the formulation of Ignatyuk
(Ig75) and pairing and shell parameters from the Cook (C067)
analysis. Neutron and charged-particle transmission
coefficients were obtained from the optical potentials, as
discussed below. Gamma-ray transmission coefficients were
calculated using the Kopecky-Uhl model (K090) .

*************** *************** *************** *************** ****
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6000 = TARGET 1000Z+A (if A.O then elemental)
1 = PROJECTILE 1000Z+A

Ncmelastic, elastic, and Production cross sections for A<5 ejectiles in barns:
EEergy nonelas elastic neutron proton deuteron triton helium3 alpha gamma

2.000E+O1 4.908E-01 1.016E+O0 4.102E-O1 3.449E-02 1.311E-02 0.000E+OO 0.000E+OO 8.833E-01 1.441E-01
2.300E+01 4.818E-01 9.220E-01 4.135E-01 4.652E-02 2.814E-02 0.000E+OO 0.000E+OO 8.932E-01 1.357E-01
2.700E+01 4.528E-01 9.040E-01 3.757E-01 6.592E-02 5.422E-02 0.000E+OO 0.000E+OO 7.662E-01 1.348E-01
3.000E+O1 4.338E-01 8.61OE-O1 3.602E-01 8.299E-02 5.208E-02 0.000E+OO 0.000E+OO 7.00IE-01 1.400E-01
3.500E+01 4.058E-01 7.980E-01 3.337E-01 1.083)3-01 5.877E-02 0.000E+OO 0.000E+OO 5.759E-01 1.491E-01
4.000E+O1 3.828E-01 7.280E-01 3.241E-01 1.257E-01 6.229E-02 0.000E+OO 0.000E+OO 4.950E-01 1.450E-01
5.000E+O1 3.428E-01 6.030E-01 3.239E-01 1.425E-01 6.815E-02 0.000E+OO 0.000E+OO 3.995E-01 1.400E-01
6.000E+O1 3.079E-01 5.040E-01 3.165E-01 1.497E-01 6.856E-02 O.OOOE+OO0.000E+OO 3.320E-01 1.304E-01
7.000E+O1 2.759E-01 4.280E-01 3.039E-01 1.602E-01 8.000E-02 0.000E+OO 0.000E+OO 2.964E-01 1.104E-O1
8.000E+O1 2.439E-01 3.680E-01 2.851E-01 1.591E-01 7.216E-02 0.000E+OO 0.000E+OO 2.543E-01 9.645E-02
9.000E+O1 2.229E-01 3.Z70E-01 2.826E-01 1.584E-01 7.306E-02 0.000E+OO 0.000E+OO 2.372E-01 8.436E-02
1.000E+02 2.229E-01 2.620E-01 3.21OE-O1 1.815E-01 8.528E-02 0.000E+OO 0.000E+OO 2.482E-01 7.711E-02
1.1OOE+O2 2.298E-01 2.Z40E-01 3.264E-01 1.802E-01 9.023E-02 0.000E+OO 0.000E+OO 2.401E-01 S.780E-02
1.200E+02 2.256E-01 1.840E-01 3.334E-01 1.864E-01 9.160E-02 0.000E+OO 0.000E+OO 2.330E-01 8.615E-02
1.300E+02 2.230E-01 1.550E-01 3.387E-01 1.907E-01 9.477E-02 0.000E+OO 0.000E+OO 2.271E-01 8.603E-02
1.400E+02 2.227E-01 1.320E-01 3.483E-01 1.972E-01 9.644E-02 0.000E+OO 0.000E+OO 2.238E-01 8.744E-02
1.500E+02 2.224E-01 1.130E-01 3.546E-01 2.007E-01 9.822E-02 0.000E+OO 0.000E+OO 2.223E-01 8.895E-02

6000 = TARGET 1000Z+A (if A.O then elemental)
1 = PROJECTILE 1000Z+A

K.sxmacoefficients in units of f.Gy.m~2:
Energy proton deuteron triton helium3 alpha non-ret elas-rec

2.000E+O1 1.144E-01 3.360E-02 0.000E+OO 0.000E+OO 1.913E+O0 3.534E-01 5.088E-01
2.300E+OI 1.808E-01 1.174E-01 0.000E+OO 0.000E+OO 2.140E+O0 3.300E-01 4.378E-01
2.700E+01 3.442E-01 3.250E-01 0.000E+OO 0.000E+OO 2.078E+O0 4.055E-01 4.154E-01
3.000E+O1 5.059E-01 3.483E-01 0.000E+OO 0.000E+OO 2.149E+O0 4.594E-01 3.870E-01
3.500E+01 8.305E-01 4.939E-01 0.000E+OO 0.000E+OO 2.037E+O0 5.559E-01 3.477E-01
4.000E+O1 1.119E+O0 6.254E-01 0.000E+OO 0.000E+OO 1.908E+O0 6.075E-01 3.089E-01
5.000E+O1 1.518E+O0 8.790E-01 0.000E+OO 0.000E+OO 1.682E+O0 6.380E-01 2.468E-01
6.000E+O1 1.974E+O0 1.052E+O0 0.000E+OO 0.000E+OO 1.415E+00 6.044E-01 2.033E-01
7.000E+O1 2.490E+O0 1.331E+O0 0.000E+OO 0.000E+OO 1.419E+O0 5.807E-01 1.736E-01
8.000E+O1 2.982E+O0 1.354E+O0 0.000E+OO 0.000E+OO 1.271E+O0 5.333E-01 1.535E-01
9.000E+O1 3.101E+OO 1.478E+O0 0.000E+OO 0.000E+OO 1.285E+O0 4.983E-01 1.398E-01
1.000E+02 3.261E+O0 1.715E+O0 0.000E+OO 0.000E+OO 1.447E+O0 5.186E-01 1.264E-01
1.1OOE+O2 3.707E+O0 2.460E+O0 0.000E+OO 0.000E+OO 1.387E+O0 5.490E-01 8.015E-02
1.200E+02 4.201E+O0 2.646E+O0 0.000E+OO 0.000E+OO 1.408E+O0 5.448E-01 6.834E-02
1.300E+02 4.667E+O0 2.948E+O0 0.000E+OO 0.000E+OO 1.448E+O0 5.453E-01 5.708E-02
1.400E+02 5.204E+O0 3.163E+O0 0.000E+OO 0.000E+OO 1.479E+O0 5.724E-01 4.814E-02
1.500E+02 5.671E+O0 3.442E+O0 0.000E+OO 0.000E+OO 1.515E+O0 5.975E-01 4.075E-02

TOTAL

2.923E+O0
3.206E+O0
3.569E+O0
3.850E+O0
4.265E+O0
4.569E+O0
4.964E+O0
5.249E+O0
5.994E+O0
6.294E+O0
6.502E+O0
7.068E+O0
8.183E+O0
8.869E+O0
9.666E+O0
1.047E+01
1.127E+01
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EVALUATION OF n + 14N CROSS SECTIONS FOR THE ENERGY
RANGE 1.OE-11 to 150 MeV

M. B. Chadwick and P. G. Young
7 August 1997

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
neutron energy range from 1.OE–11 to 150 MeV. The discussion
here is divided into the region below and above 20 MeV.

INCIDENT NEUTRON ENERGIES c 20 MeV

Below 20 MeV the evaluation is based completely on the ENDF/B-
VI.3 (Release 3) evaluation by P. G. Young, G. M. Hale, and M.
B. Chadwick [Y094] .

INCIDENT NEUTRON ENERGIES > 20 MeV

The ENDF/B-VI Release 3 evaluation of n + 14N data extends to
40 MeV and includes cross sections and energy-angle data for all
significant reactions. The present evaluation utilizes a more
compact composite reaction spectrum representation above 20 MeV
in order to reduce the length of the file, and we have only
included the ENDF/B-VI data below 20 MeV. No essential data for
applications is lost with our$ representation above 20 MeV.

The evaluation above 20 MeV utilizes MF=6, MT=5 to represent
all reaction data. Production cross sections and emission
spectra are given for neutrons, protons, deuterons, tritons,
alpha particles, gamma raYs,, and all residual nuclides produced

(A>5) in the reaction chains. TO summarize, the ENDF sections
WLLLL LJ.UL.J.-ZIC.LU

MF=3 MT= 1
MT= 2
MT= 3
MT= 5

MF=4 MT= 2

MF=6 MT= 5

data above En = 2(J Mev are:

Total Cross Section
Elastic Scattering Cross Section
Nonelastic Cross Section
Sum of Binary (n,n’) and (n,x) Reactions

Elastic Angular Distributions

Production Cross Sections and Energy-Angle
Distributions for Emission Neutrons, Protons,
Deuterons, Tritons, and Alphas; and Angle-
Integrated Spectra for Gamma Rays and Residual
Nuclei That Are Stable Against Particle Emission

The evaluat ion is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
N14 and p + N14 reactions (Ch97) . We use the GNASH code system
(Y092) , which utilizes Hauser-Feshbach statistical,
preequilibrium and direct-reaction theories. Spherical optical
model calculations are used to obtain particle transmission
coefficients for the Hauser–Feshbach calculations, as well as
for the elastic neutron angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions. The energy-angle-correlations

for all outgoing particles are based on Kalbach systematic
(Ka88) .

8



A model was developed to calculate the energy distributions of
all recoil nuclei in. the GNASH calculations (Ch96) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. All
other data in MT=5,MF=6 are given in the center-of-mass system.
This method of representation utilizes the LCT=3 option approved
at the November, 1996, CSEWG meeting.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85) , validated by comparison with calculations using Feshbach,
Kerrnan, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyuk (Ig75) and pairing and shell
parameters from the Cook (C067) analysis. Neutron and charged-
particle transmission coefficients were obtained from the
optical potentials, as discussed below. Gamma-ray transmission
coefficients were calculated using the Kopecky-Uhl model (K090) .

DETAILS OF THE n + N-14 ANALYSIS

GNASH calculations [Yo92,Ch94] were performed for neutron and
proton reactions on nitrogen up to 150 MeV, and the calculated
results were benchmarked against experimental data. For neutrons
below 100 MeV, the present evaluation made extensive use of our
previous work [Ch96a] . Very minor differences with this earlier
work exist due to recent developments in the GNASH code. Much use

was made of measured data in the evaluation, since an accurate
modeling of reactions on a light nucleus is difficult. In this way
we were able to obtain a fairly good description of the emission
spectra of secondary particles and gamma rays. Additionally, the
(angle-integrated) emission spectra of heavy recoils were
calculated using our model described in Ref. [Ch961 . Some

addi.ti-onal information on this evaluation can be found in Ref.
[Ch97] .
Between 20 and 150 MeV, the optical models used (the neutron

potential of Islam below 60 MeV [1s881; Madland’s potential [Ma88]
at higher energies, with Lane transformations for the proton
potential) provided a reasonably good description of measured
reaction cross section data. But since a very accurate description
of the reaction cross section is important for determining
secondary particle spectra, we slightly modify the calculated
results to better describe the experimental data, and renormalize
the calculated transmission coefficients accordingly. The SCAT2
code [Be92] was used to calculate the transmission coefficients.
No measurements for the neutron reaction cross section on nitrogen
exist above about 50 MeV. However, systematic have been
determined from a number of target elements at 95 MeV by DeJuren
[De50] , and for 100 MeV protons by Kirby and Link [Ki66] (at this
energy the proton and neutron reaction cross sections would be
expected to be very similar) . We have, therefore, used these
systematic to guide our evaluated reaction cross sections.
Additionally, below 50 MeV we have also been guided by the proton-
induced reaction cross sections of Carlson et al. [Ca75] .
Experimental total elastic scattering values of Islam et al.
[1s88] , Olsson et al. [0190] , and Petler et al. [Pe85] were
obtained by subtracting their angle-integrated elastic data from
the evaluated total cross sections (see below) .
The evaluated total cross section was obtained by slightly
modifying the optical model results to agree with data,
principally the new high-accuracy results of Finlay et al. [Fi93] .



We use the ENDF/B-VI total cross section below 40 MeV recently
evaluated by Young [Y094] .

Preequilibrium spectra for incident energies below 100 MeV were
taken from our previous work [Ch96] , where they were evaluated
from a combination of FKK calculations [Ch931, and measured
emission spectra data, whilst ensuring that unitarity is conserved
(i.e., making sure the sum of primary emitted preequilibrium
spectra does not exceed the reaction cross section) . This approach
has the advantage of facilitating a good representation of
emission spectra experimental data. However, the lack of such data
above 100 MeV prohibits its extension to higher energies, and
therefore above 100 MeV, exciton model calculations were utilized
from the GNASH code [Ka77, Ka851 . This results in some (small)
discontinuities around 100 MeV in the production cross sections,
though the impact of this is negligible for most applications.

Nuclear level densities were determined using the Ignatyuk model
[Ig751, as implemented by Arthur et al. [Y092] . Pairing energies
were obtained from the Cook systematic with the Los Alamos
extensions to light nuclei from [Ar83] . This continuum level
density formulation is matched continuously onto discrete low-
lying levels at the lower excitation energies. Discrete level
information (energy, spin, parity, gamma-ray branching ratios) is
tabulated for each nuclide in an input file, which is based on the
Ajzenberg-Selove compilations. For each nucleus we performed a
level-density analysis and determined the excitation energy at
which we judged the level data complete. Gamma-ray transmission
coefficients were obtained from the Kopecky-Uhl model [K092] .

An important test of the accuracy of the data libraries is that
the evaluated emission spectra of light particles (A c 5) should
be consistent with the measurements by Subramanian et al. of uc-
13avis [SU86] . We have compared our calculated (lab frame) angle-
integrated emission spectra of protons, deuterons, and alphas,

with these measurements, with good agreement. The structure seen
at high emission energies is due to the inclusion of discrete
nuclear levels in our calculations. Also, kerma factors obtained
from the evaluated cross sections are in fairly good agreement
with experimental data [Ch961 .

***************** ***************** ***************** *************

REFERENCES

[Ar83] E.D. Arthur, Los Alamos National Laboratory progress
report LA-9841-PR (1983) .

[Be69] . F.D. Becchetti, Jr., and G.W. Greenlees, phys. Rev.
182, 1190 (1969).

[Be92] . 0. Bersillon, “SCAT2 - A Spherical Optical Model Code, “
in Proc. ICTP Workshop on Computation and Analysis of Nuclear
Data Relevant to Nuclear Energy and Safety, 10 February-13
March, 1992, Trieste, Italy, to be published in World Scientific
Press, and Progress Report of the Nuclear Physics Division,
Bruyeres-le-Chatel 1977, CEA-N-2037, p.111 (1978).

[Ca’75] R.F. CarlSon, A.J. COX, T.N. Nasr, M.S. De Jong, D.L.
Ginther, D.K. Hasell, A.M. Sourkes, W.T.H. Van Oers, and D.J.
Marqaziotis, Nucl. Phys. A445, 57 (1985); R.F. Carlson, A.J. Cox,
J.R~ Nimmo, ”N.E. Davi&on, S.A. Elbakr, J.L. Horton, A. Houdayer,
A.M. Sourkes, W.T.H. Van Oers, and D.J. Margaziotis, Phys. Rev. ~



C 12, 1167 (1975).

[Ch93]. M. B. Chadwick and P. G. Young, “Feshbach-Kerman-Koonin
Analysis of 93Nb Reactions: P --> Q Transitions and Reduced
Importance of Multistep Compound Emission, ” Phys. Rev. C 47,
2255 (1993).

[ch96]. M. B. Chadwick, P. G. Young, R. E. MacFarlane, and A-
J. Koning, 11Hi9h–Energy Nuclear Data Libraries for Accelerator-

Driven Technologies: Calculational Method for Heavy Recoils, ”
Proc. of 2nd Int. Conf. on Accelerator Driven Transmutation
Technology and Applications, Kalmar, Sweden, 3-7 June 1996.

[Ch96al M.B. Chadwick and P.G. Young, IIcalculation and Evaluation

of Cross Sections and Kerma Factors for Neutrons up to 100 MeV
on 160 and 14N”, Nucl.Sci. Eng. 123,1 (1996) .

[Ch97] . M. B. Chadwick and P. G. Young, “GNASH Calculations of
n,p + 14N and Benchmarking of Results” in APT PROGRESS REPORT:
1 July - 1 August 1997, internal Los Alamos National
Laboratory memo T-2-97/M-45, 6 Aug.1997 from R.E. MacFarlane to
L. Waters.

[C067] . J. L. Cook, H. Ferguson, and A. R. Musgrove, “Nuclear
Level Densities in Intermediate and Heavy Nuclei, ” Aust.J.Phys.
20, 477 (1967).

[De50] J. Dejuren and N. Knable, Phys. Rev. 77, 606 (1950).

[Fi93] . R. W. Finlay, W. P. Abfalterer, G. Fink, E. Montei, T.
Adami, P. W. Lisowski, G. L. Morgan, and R. C. Haight, PhyS.
Rev. c 47, 237 (1993).

[Ig75] . A. V. Ignatyuk, G. N. Smirenkin, and A. S. Tishin,
“Phenomenological Description of the Energy Dependence of the
Level Density Parameter, ” Sov. J. Nucl. Phys. 21, 255 (1975) .

[1s88] M.S. Islam, R.W. Finlay, et al., Phys. Med. Biol. 33, 315
(1988) .

[Ka77] . C. Kalbach, “The Griffin Model, Complex Particles and
Direct Nuclear Reactions, ” Z.Phys.A 283, 401 (1977).

[Ka85] . C. Kalbach, “PRECO-D2: Program for Calculating
Preequilibrium and Direct Reaction Double Differential Cross
Sections, “ Los Alamos National Laboratory report LA-10248-MS
(1985) .

[Ka88] . C. Kalbach, Ilsystematics of Continuum Angular

Distributions : Extensions to Higher Energies, ” Phys.Rev.C 37,
2350 (1988); see also C. Kalbach and F. M. Mann, “Phenomenology
UL UUlll-.LLlUUlll kulyu~a~ uLinL.LLIJuLLuLID . d. . OyDLGLLiO-LAbD C-7-ALU

Parameterization, ” Phys.Rev.C 23, 112 (1981) .

[Ki66] P. Kirby and W.T. Link, Can. J. Phys. 44, 1847 (1966).

[K090] . J. Kopecky and M. Uhl, “Test of Gamma-Ray Strength
Functions in Nuclear Reaction Model Calculations, ” Phys.Rev.C
42, 1941 (1990).



[Ma88 ] . D.G. Madland, llRecent.Results in the Development of a
Global Medium-Energy Nucleon-Nucleus Optical-Model Potential, ”
]?~~~. OECD/NEANDC Specialist’s Mtg. on Preequilibrium Nuclear
Reactions, Semmering, Austria, 1O-12 Feb. 1988, NEANDC-245 ‘U’
(1988) .

[0190] N. olsson, E. Ramstrom, and B. Trostell, phys. Med. Biol.
35, 1255 (1990) .

[Pe85] J.S. petler, M.S. Islam, R.W. Finlay, and F.S. Dietrich,
F?hys. Rev.C 32, 673 (1985).

[SU861 T.S. Subramanian, J.L. Romero, F.p. Brady, D.H. Fitzgerald,
R. Garrett, G.A. Needham, J.L. Ullmann, J.W. Watson, C.I. .Zanelli,
D.J. Brenner, and R.E. Prael, Phys. Rev. C 34, 1580 (1986); J-L.
Rome ro, private communication to MBC
(1994) .

[Y092] . P. G. Young, E. D. Arthur, and M. B. Chadwick,
“Comprehensive Nuclear Model Calculations: Introduction to the
Theory and Use of the GNASH Code,” LA-12343-MS (1992) .

[Y094] P.G. Young, G.M. Hale, M.B. Chadwick, ENDF/B-VI Release 3
of N-14 evaluation, (1994).



nn14.la150 .out.xsinfo Thu May 21 09:14:56 1998 1

7014 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

Nonelastic, elastic, and Production cross sections for A<5 ejectiles in barns:
Energy nonelas elaatic neutron proton deuteron triton helium3 alpha gamma

2.000E+O1 5.31OE-O1 1.019E+O0 4.184E-01 2.068E-01 4.482E-02 O.OOOE+OO”O.OOOE+OO 2.116E-01 3.155E-01
2.300E+01 5.040E-01 9.61OE-O1 4.403E-01 2.066E-01 5.275E-02 0.000E+OO 0.000E+OO 2.099E-01 2.912E-01
2.700E+01 4.819E-01 9.541E-01 5.038E-01 2.286E-01 6.724E-02 0.000E+OO 0.000E+OO 2.246E-01 2.457E-01
3.000E+O1 4.649E-01 9.291E-01 5.084E-01 2.288E-01 7.140E-02 0.000E+OO 0.000E+OO 2.565E-01 2.247E-01
3.500E+01 4.365E-01 8.845E-01 5.026E-01 2.300E-01 7.937E-02 0.000E+OO 0.000E+OO 3.264E-01 1.922E-01
4.000E+O1 4.1OOE-O1 8.390E-01 4.950E-01 2.299E-01 8.538E-02 0.000E+OO 0.000E+OO 3.664E-01 1.676E-01
5.000E+O1 3.646E-01 7.024E-01 4.726E-01 2.337E-01 8.362E-02 0.000E+OO 0.000E+OO 3.804E-01 1.334E-01
6.000E+O1 3.270E-01 5.970E-01 4.469E-01 2.355E-01 7.353E-02 0.000E+OO 0.000E+OO 3.559E-01 1.191E-01
7.000E+O1 2.971E-01 4.909E-01 4.230E-01 2.306E-01 7.033E-02 0.000E+OO 0.000E+OO 3.405E-01 1.033E-01
8.000E+O1 2.830E-01 4.1OOE-O1 4.285E-01 2.443E-01 7.055E-02 0.000E+OO 0.000E+OO 3.392E-01 9.118E-02
9.000E+O1 2.71OE-O1 3.400E-01 4.368E-01 2.558E-01 7.003E-02 0.000E+OO 0.000E+OO 3.256E-01 8.536E-02
1.000E+02 2.620E-01 2.880E-01 4.466E-01 2.676E-01 7.362E-02 0.000E+OO 0.000E+OO 3.216E-01 7.675E-02
1.1OOE+O2 2.582E-01 2.408E-01 4.999E-01 2.754E-01 9.599E-02 0.000E+OO 0.000E+OO 3.292E-01 5.983E-02
1.200E+02 2.578E-01 1.962E-01 5.224E-01 2.911E-01 1.O1OE-O1 0.000E+OO 0.000E+OO 3.223E-01 5.815E-02
1.300E+02 2.571E-01 1.649E-01 5.393E-01 3.051E-01 1.046E-01 0.000E+OO 0.000E+OO 3.156E-01 5.506E-02
1.400E+02 2.568E-01 1.422E-01 5.578E-01 3.193E-01 1.091E-01 0.000E+OO 0.000E+OO 3.084E-01 5.241E-02
1.500E+02 2.568E-01 1.202E-01 5.749E-01 3.311E-01 1.112E-01 0.000E+OO 0.000E+OO 3.030E-01 5.183E-02

7014 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

Kemsa coefficients in units of f.Gy.mA2:
Energy proton deuteron triton helium3 alpha non-ret elas-rec

2.000E+O1 5.662E-01 2.053E-01 0.000E+OO 0.000E+OO 7.999E-01 6.289E-01 4.076E-01
2.300E+01 6.807E-01 2.741E-01 0.000E+OO 0.000E+OO 9.211E-01 6.749E-01 3.616E-01
2.700E+01 8.696E-01 3.971E-01 0.000E+OO 0.000E+OO 7.616E-01 7.123E-01 3.435E-01
3.000E+O1 9.811E-01 4.901E-01 0.000E+OO 0.000E+OO 8.306E-01 7.043E-01 3.248E-01
3.500E+01 1.235E+O0 6.745E-01 0.000E+OO 0.000E+OO 9.915E-01 6.654E-01 2.975E-01
4.000E+O1 1.406E+O0 8.818E-01 0.000E+OO 0.000E+OO 1.115E+O0 6.307E-01 2.754E-01
5.000E+O1 1.886E+O0 1.11OE+OO 0.000E+OO 0.000E+OO 1.151E+O0 5.511E-01 2.262E-01
6.000E+O1 2.371E+O0 1.145E+O0 0.000E+OO 0.000E+OO 1.188E+O0 5.279E-01 1.932E-01
7.000E+O1 2.740E+O0 1.268E+O0 0.000E+OO 0.000E+OO 1.271E+O0 4.905E-01 1.369E-01
8.000E+O1 3.116E+O0 1.379E+O0 0.000E+OO 0.000E+OO 1.371E+O0 4.751E-01 1.118E-01
9.000E+O1 3.540E+O0 1.435E+O0 0.000E+OO 0.000E+OO 1.416E+O0 4.694E-01 9.133E-02
1.000E+02 3.902E+O0 1.531E+O0 0.000E+OO 0.000E+OO 1.479E+O0 4.488E-01 7.649E-02
1.1OOE+O2 4.087E+O0 1.839E+O0 0.000E+OO 0.000E+OO 1.606E+O0 4.114E-01 6.339E-02
1.200E+02 4.673E+O0 1.936E+O0 0.000E+OO 0.000E+OO 1.635E+O0 4.074E-01 5.123E-02
1.300E+02 5.268E+O0 1.960E+O0 0.000E+OO 0.000E+OO 1.681E+O0 4.063E-01 4.272E-02
1.400E+02 5.831E+O0 1.984E+O0 0.000E+OO 0.000E+OO 1.709E+O0 4.117E-01 3.651E-02
1.500E+02 6.446E+O0 1.969E+O0 0.000E+OO 0.000E+OO 1.724E+O0 4.195E-01 3.053E-02

TOTAL
“..

2.608E+OO”
2.912E+O0
3.084E+O0
3.331E+O0
3.864E+O0
4.309E+O0
4.924E+O0
5.425E+O0
5.906E+O0
6.453E+O0
6.952E+O0
7.438E+O0
8.007E+O0
8.703E+O0
9.358E+O0
9.972E+O0
1.059E+01
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EVALUATION OF n + 160 CROSS SECTIONS FOR THE ENERGY
RANGE 1.OE-11 to 150 MeV

M. B. Chadwick and P. G. Young
19 June 1996

This evaluation provides a complete representation of the
nuclear data needed fox transport, damage, heating,
radioactivity, and shielding applications over the incident
neutron energy range from 1.OE-11 to 150 MeV. The discussion
here is divided into the region below and above 20 MeV.

INCIDENT NEUTRON ENERGIES c 20 MeV

Below 20 MeV the evaluation is based completely on the ENDF/B-
VI.O (Release O) evaluation by Ha(92) . The following minor
modifications were made to the ENDF/B-VI.O evaluation:

2. The (n,p) [and nonelastic] cross section from 19
was varied slightly to join smoothly with the higher
values at 20 MeV.

INCIDENT NEUTRON ENERGIES > 20 MeV

The evaluation above 20 MeV utilizes MF=6, MT=5 to

to 20 MeV
energy

represent
all reaction data. Production cross sections and emission
spectra are given for neutrons, protons, deuterons, alpha
particles, gamma rays, and all residual nuclides produced (A>5)
in the reaction chains. To summarize, the ENDF sections with
non-zero data

MF=3 MT= 1
MT= 2
MT= 3
MT= 5
MT=102

MF=4 MT= 2

MF=6 MT= 5

above En = 20 MeV are:

Total Cross Section
Elastic Scattering Cross Section
Nonelastic Cross Section
Sum of Binary (n,n’) and (n,x) Reactions
Radiative Capture Cross Section (Estimate Only)

Elastic Angular Distributions

Production Cross Sections and Energy-Angle
Distributions for Emission Neutrons, Protons,
Deuterons, and Alphas; and Angle-Integrated
Spectra for Gamma Rays and Residual Nuclei That
Are Stable Against Particle Emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
016 and p + 016 reactions (Ch96a) . We use the GNASH code system
(Y092), which utilizes Hauser-Feshbach statistical, preequi-
librium and direct-reaction theories. Coupled-channel and
spherical optical model calculations are used to obtain particle
transmission coefficients for the Hauser-Feshbach calculations,
as well as for the elastic neutron angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions that exceed a cross section of
approximately 1 nb at any energy. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .



—

A model was developed to calculate the energy distributions of
all recoil nuclei in the GNASH calculations (Ch96b) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. Note
that all other data in MT=5,MF=6 are given in the center-of-mass
sys tern. This method of representation requires a modification of
the original ENDF-6 format.

Preequilibrium corrections were performed in the course of the
GNASH calculations using either Feshbach, Kerman, Koonin (FKK)
theory [Ch93] or the exciton model of Kalbach (Ka77, Ka85) .
Discrete level data from nuclear data sheets were matched to
continuum level densities using the formulation of Ignatyuk
(Ig75) and pairing and shell parameters from the Cook (C067)
analysis. Neutron and charged-particle transmission coefficients
were obtained from the optical potentials, as discussed below.
Gamma-ray transmission coefficients were calculated using the
Kopecky-Uhl model (K090) .

******************* ***************** ***************** ***********
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8016 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

Nonelastic, elastic, and Production cross sections for A<5 ejectiles in barns:
Energy nonelas elastic neutron proton deuteron triton helium3 alpha gasmla

2.000E+O1 6.200E-01 1.020E+O0 5.486E-01 6.899E-02 2.735E-02 0.000E+OO 0.000E+OO 3.406E-01 3.787E-01
2.300E+01 5.920E-01 1.054E+O0 5.252E-01 8.761E-02 3.848E-02 0.000E+OO 0.000E+OO 3.517E-01 3.634E-01
2.700E+01 5.230E-01 1.071E+O0 4.699E-01 1.195E-01 4.842E-02 0.000E+OO 0.000E+OO 3.801E-01 3.148E-01
3.000E+O1 5.000E-01 1.059E+O0 4.532E-01 1.269E-01 5.441E-02 0.000E+OO 0.000E+OO 4.086E-01 3.028E-01
3.500E+01 4.670E-01 1.012E+O0 4.319E-01 1.481E-01 5.595E-02 0.000E+OO 0.000E+OO 4.193E-01 2.834E-01
4.000E+O1 4.350E-01 9.670E-01 4.119E-01 1.614E-01 6.073E-02 0.000E+OO 0.000E+OO 3.905E-01 2.626E-01
5.000E+O1 3.960E-01 8.150E-01 4.003E-01 1.905E-01 6.656E-02 0.000E+OO 0.000E+OO 2.887E-01 2.511E-01
6.000E+O1 3.700E-01 6.800E-01 4.063E-01 2.221E-01 6.624E-02 0.000E+OO 0.000E+OO 2.484E-01 2.301E-01
7.000E+O1 3.390E-01 5.730E-01 3.956E-01 2.263E-01 6.739E-02 0.000E+OO 0.000E+OO 2.276E-01 2.069E-01
8.000E+O1 3.180E-01 4.890E-01 3.989E-01 2.331E-01 6.91OE-O2 0.000E+OO 0.000E+OO 2.216E-01 1.887E-01
9.000E+O1 3.000E-01 4.21OE-O1 4.041E-01 2.446E-01 6.888E-02 0.000E+OO 0.000E+OO 2.21OE-O1 1.664E-01
1.000E+02 2.970E-01 3.400E-01 4.257E-01 2.599E-01 7.339E-02 0.000E+OO 0.000E+OO 2.247E-01 1.609E-01
1.1OOE+O2 2.957E-01 2.800E-01 4.767E-01 2.850E-01 6.751E-02 0.000E+OO 0.000E+OO 2.305E-01 1.504E-01
1.200E+02 2.950E-01 2.380E-01 4.906E-01 2.982E-01 6.821E-02 0.000E+OO 0.000E+OO 2.257E-01 1.475E-01
1.300E+02 2.950E-01 2.050E-01 5.105E-O1 3.122E-01 7.417E-02 0.000E+OO 0.000E+OO 2.286E-01 1.411E-01
1.400E+02 2.950E-01 1.760E-01 5.261E-01 3.251E-01 7.574E-02 0.000E+OO 0.000E+OO 2.263E-01 1.379E-01
1.500E+02 2.950E-01 1.480E-01 5.411E-01 3.377E-01 7.558E-02 0.000E+OO 0.000E+OO 2.240E-01 1.347E-01

8016 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

Kerma coefficients in units of f.Gy.mA2:
Energy proton deuteron triton helium3 alpha non-ret elas-rec

2.000E+O1 2.059E-01 8.326E-02 0.000E+OO 0.000E+OO 9.067E-01 6.713E-01 2.693E-01
2.300E+01 3.068E-01 1.401E-01 0.000E+OO 0.000E+OO 1.018E+O0 6.790E-01 2.696E-01
2.700E+01 4.823E-01 2.145E-01 0.000E+OO 0.000E+OO 1.O1OE+OO 6.032E-01 2.639E-01
3.000E+O1 5.800E-01 3.121E-01 0.000E+OO 0.000E+OO 1.046E+O0 5.635E-01 2.553E-01
3.500E+01 8.160E-01 4.444E-01 0.000E+OO 0.000E+OO 1.080E+O0 5.277E-01 2.382E-01
4.000E+O1 1.008E+O0 6.006E-01 0.000E+OO 0.000E+OO 1.088E+O0 5.265E-01 2.251E-01
5.000E+O1 1.478E+O0 8.029E-01 0.000E+OO 0.000E+OO 9.045E-01 5.736E-01 1.850E-01
6.000E+O1 2.082E+O0 8.752E-01 0.000E+OO 0.000E+OO 8.724E-01 6.180E-01 1.448E-01
7.000E+O1 2.474E+O0 1.019E+O0 0.000E+OO 0.000E+OO 8.713E-01 6.059E-01 1.172E-01
8.000E+O1 2.728E+O0 1.138E+O0 0.000E+OO 0.000E+OO 9.032E-01 5.923E-01 9.740E-02
9.000E+O1 3.153E+O0 1.141E+O0 0.000E+OO 0.000E+OO 9.483E-01 5.669E-01 8.233E-02
1.000E+02 3.574E+O0 1.239E+O0 0.000E+OO 0.000E+OO 9.985E-01 5.659E-01 6.559E-02
1.1OOE+O2 4.018E+O0 1.120E+O0 0.000E+OO 0.000E+OO 1.093E+O0 5.706E-01 5.343E-02
1.200E+02 4.620E+O0 1.148E+O0 0.000E+OO 0.000E+OO 1.095E+O0 5.641E-01 4.497E-02
1.300E+02 5.157E+O0 1.188E+O0 0.000E+OO 0.000E+OO 1.179E+O0 5.671E-01 3.837E-02
1.400E+02 5.777E+O0 1.171E+O0 0.000E+OO 0.000E+OO 1.206E+O0 5.860E-01 3.262E-02
1.500E+02 6.423E+O0 9.620E-01 0.000E+OO 0.000E+OO 1.234E+O0 6.053E-01 2.712E-02

TOTAL

2.136E+O0
2.413E+O0
2.574E+O0
2.757E+O0
3.107E+OO
3.448E+O0
3.943E+O0
4.592E+O0
5.087E+O0
5.459E+O0
5.892E+O0
6.442E+O0
6.855E+O0
7.472E+O0
8.129E+O0
8.773E+O0
9.251E+O0
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EVALUATION OF n + 27A1 CROSS SECTIONS FOR THE ENERGY
RANGE 1.OE-11 to 150 MeV

M. B. Chadwick and P. G. Young
10 February 1997

This evaluation provides a complete representation of the
nuclear.data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
neutron energy range from 1.OE-11 to 150 MeV. The discussion
here is divided into the region below and above 20 MeV.

INCIDENT NEUTRON ENERGIES c 20 MeV

Below 20 MeV the. evaluation is based completely on the ENDF/B-
VI.1 (Release 3) evaluation by Young (Y094) .

INCIDENT NEUTRON ENERGIES > 20 MeV

The ENDF/B-VI Release 3 evaluation extends to 40 MeV and
includes cross sections and energy-angle data for all
significant reactions. The present evauation utilizes a more
compact composite reaction spectrum representation above 20 MeV
in order to reduce the length of the file. No essential data for
applications is lost with this representation. Additionally, we
have modified the neutron reaction cross sections slightly to
improve agreement with data above 20 MeV.

The evaluation above 20 MeV utilizes MF=6, MT=5 to represent
all reaction data. Production cross sections and emission
spectra are given for neutrons, protons, deuterons, tritons,
alpha particles, gamma rays, and all residual nuclides produced
(A>5) in the reaction chains. To summarize, the ENDF sections

W-LLL1 llUL1-LC.LU

MF=3 MT= 1
MT= 2
MT= 3
MT= 5

MF=4 MT= 2

MF=6 MT= 5

..74 +-l-. ,-.a,-i r,--,.- data above En = 20 MeV are: ‘

Total Cross Section
Elastic Scattering Cross Section
Nonelastic Cross Section
Sum of Binary (n,n’) and (n,x) Reactions

Elastic Angular Distributions

Production Cross Sections and Enerqy-Anqle
Distributions for Emission Neutron~~ Pr~tons,
Deuterons, and Alphas; and Angle-Integrated
Spectra for Gamma Rays and Residual Nuclei That
Are Stable Against Particle Emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, es~eciallv for n +
A127 and p + A127 reactions” (Ch97) . We use” the”GNASH ~ode system
{Y092),. whtih-u~ Ha~~-Ikshbati. .shat&st4c&
preequilibrium and direct-reaction theories. Spherical optical
model calculations are used to obtain particle transmission
coefficients for the Hauser-Feshbach calculations, as well as
for the elastic neutron angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions that exceed a cross section of
approximately 1 nb at any energy. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic



(Ka88) .
A model was developed to calculate the energy distributions of

all recoil nuclei in the GNASH calculations (Ch96) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. All
other data in MT.5,MF.6 are given in the center-of-mass system.
This method of representation utilizes the LCT=3 option approved
at the November, 1996, CSEWG meeting. .

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85), validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyuk (Ig75) and pairing and shell
parameters from the Cook (C067) analysis. Neutron and charged-
particle transmission coefficients were obtained from the
optical potentials, as discussed below. Gamma-ray transmission
coefficients were calculated using the Kopecky-Uhl model (K090) .

The neutron total cross section was evaluated from available
experimental data. From 20 - 40 MeV, the existing ENDF/B-VI.3
total cross section evaluation of Young was adopted; from 40 -
150 MeV, the evaluation was based primarily on Finlay’s 1993
measurements (Fi93) . The optical potential of Petler (Pe85),
specially developed for n+Al elastic scattering, was used for
neutrons up to 60 MeV, and above this energy the Madland global
potential (Ma88) was used. For incident protons, the Petler
neutron potential was modified to account for proton scattering
up to 60 MeV, and again the Madland global potential was used at
higher energies. For deuterons, the potential of Perey and
Perey (Pe63) was used at all energies, and for tritons the
Becchetti and Greenlees potential (Be71) was adopted. Finally,
the potential of Arthur and Young (Ar80), based on the work of
Lemos (Le72) , was used for alpha particles at all energies. DWBA
calculations were performed for inelastic scattering to low-
lying states using the DWUCK code.

While the above optical potentials did describe the
experimental neutron and proton nonelastic cross section data
fairly well, we modified these theoretical predictions slightly
to better agree with the measurements, and renormalized the
transmission coefficients accordingly.

The present evaluation was greatly facilitated by Benck et
al. ‘s (Be97) measurements of charged-particle producing
reactions on Al for incident neutrons at 63 MeV at Louvain-la-
Neuve, Belgium. Since these data represent the only neutron-
induced emission spectra above 20 MeV, they have been invaluable
for guiding, and testing, our calculations. The proton, triton,
and alpha emission spectra in the Benck et al. measurements are

described very well. However, our deuteron emission calculations
compare poorly with the measurements. Fortunately this has only
a small practical impact since deuteron emission is small
compared to proton emission, and our calculated emission
spectrum approximates the measured deuteron energy deposition
(pro-duction cross section times average energy) reasonabl-y wel-l,
which is important for heating calculations. The combination of
equilibrium and preequilibrium reaction mechanisms included in
the GNASH code account for the measured data rather well.

As an independent validation of our GNASH calculations using
the exci.ton model, we have also performed FKK calculations. This
was done by implementing a multistep reaction theory recently
developed by Koning and Chadwick, which is particularly suited



to the simultaneous calculation of neutron and proton emission.
The FKK theory describes the forward-peaking very well, as do
our exciton model calculations using the phenomenological
Kalbach angular distribution systematic.

As additional validation of the models used in our neutron
evaluation, extensive comparisons were made to higher energy
proton-induced measurements. In particular, the neutron and
charged-particle emission spectra measured at the University of
Maryland (Kalend et al. and Wu et al.) for 90-MeV protons, by
Meier at Los Alamos for 113-MeV protons, and Bertrand and Peelle
for 61-MeV protons are all reproduced reasonably by the present
analysis (Ch97) .

Another useful test of our model calculations, particularly
for radionuclide production, can be made by comparing our
theoretical predictions of discrete gamma-ray emission in

A127(n,xngamma) reactions with the recent LANSCE/WNR data taken
by Vonach, Haight, and collaborators (V094) using the white
neutron source. Preliminary comparisons show reasonably good
agreement .

**************** **************** **************** ****************
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n + 27A1 Cross Sections
ENDF/B-VI Release 3
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13027 = TARGET 1000Z+A (if A.O then elemental)
1 = PROJECTILE 1000z+A

Nonelasticr elastic, and production cross sactions for A<5 ejectiles in barns:
Enerpy nonelas elastic neutron proton deuteron triton helium3 alpha gasssa

2.000E+O1 8.550E-01 9.450E-01 8.426E-01 2.713E-01 7.090E-02 3.483E-03 0.000E+OO 1.125E-01 1.229E+O0
2.200E+01 8.264E-01 9.973E-01 8.334E-01 2.707E-01 7.924E-02 4.474E-03 0.000E+OO 1.lllE-01 1.248E+O0
2.400E+01 8.030E-01 1.046E+O0 8.281E-01 2.801E-01 8.539E-02 5.698E-03 0.000E+OO 1.087E-01 1.269E+O0
2.600E+01 7.823E-01 1.090E+O0 8.312E-01 2.939E-01 9.042E-02 6.831E-03 0.000E+OO 1.047E-01 1.247E+O0
2.800E+01 7.624E-01 1.123E+O0 8.370E-01 3.004E-01 8.721E-02 7.706E-03 0.000E+OO 1.286E-01 1.214E+O0
3.000E+O1 7.396E-01 1.146E+O0 8.386E-01 3.129E-01 9.084E-02 8.653E-03 0.000E+OO 1.192E-01 1.170E+O0
3.500E+01 6.828E-01 1.187E+O0 8.341E-01 3.298E-01 9.187E-02 1.027E-02 0.000E+OO 1.085E-01 1.060E+O0
4.000E+O1 6.339E-01 1.186E+O0 8.181E-01 3.320E-01 9.166E-02 1.114E-02 0.000E+OO 1.075E-01 9.888E-01
4.500E+01 5.967E-01 1.152E+O0 8.133E-01 3.405E-01 8.859E-02 1.169E-02 0.000E+OO 1.116E-01 9.244E-01
5.000E+O1 5.61OE-O1 1.114E+O0 8.022E-01 3.439E-01 8.447E-02 1.271E-02 0.000E+OO 1.226E-01 8.609E-01
5.500E+01 5.349E-01 1.058E+O0 7.991E-01 3.545E-01 8.356E-02 1.344E-02 0.000E+OO 1.268E-01 8.305E-01
6.000E+O1 5.108E-O1 9.992E-01 8.024E-01 3.655E-01 8.116E-02 1.423E-02 0.000E+OO 1.330E-01 7.820E-01
6.500E+01 4.895E-01 9.405E-01 7.993E-01 3.728E-01 8.006E-02 1.499E-02 0.000E+OO 1.382E-01 7.405E-01
7.000E+O1 4.738E-01 8.812E-01 7.969E-01 3.804E-01 8.lllE-02 1.517E-02 0.000E+OO 1.382E-01 6.877E-01
7.500E+01 4.594E-01 8.206E-01 8.017E-01 3.892E-01 8.022E-02 1.605E-02 0.000E+OO 1.425E-01 6.618E-01
8.000E+O1 4.484E-01 7.616E-01 8.034E-01 3.998E-01 7.876E-02 1.706E-02 0.000E+OO 1.492E-01 6.562E-01
8.500E+01 4.439E-01 7.030E-01 8.081E-01 4.105E-O1 7.937E-02 1.720E-02 0.000E+OO 1.524E-01 6.520E-01
9.000E+O1 4.424E-01 6.496E-01 8.313E-01 4.244E-01 8.069E-02 1.834?2-020.000E+OO 1.575E-01 6.454E-01
9.500E+01 4.401E-01 5.979E-01 8.495E-01 4.401E-01 8.298E-02 1.958E-02 0.000E+OO 1.612E-01 6.299E-01
1.000E+02 4.372E-01 5.508E-01 8.625E-01 4.500E-01 8.472E-02 2.079E-02 0.000E+OO 1.650E-01 6.057E-01
I.1OOE+O2 4.31OE-O1 4.640E-01 8.816E-01 4.729E-01 8.505E-02 2.335E-02 0.000E+OO 1.733E-01 6.025E-01
1.200E+02 4.244E-01 4.036E-01 8.990E-01 4.886E-01 8.740E-02 2.565E-02 0.000E+OO 1.762E-01 5.884E-01
1.300E+02 4.203E-01 3.527E-01 9.184E-01 5.061E-01 9.098E-02 2.815E-02 0.000E+OO 1.790E-01 5.568E-01
1..4OOE+O24.197E-01 2.973E-01 9.358E-01 5.278E-01 9.237E-02 3.109E-O2 0.000E+OO 1.863E-01 5.665E-01
1.500E+02 4.179E-01 2.651E-01 9.607E-01 5.459E-01 9.533E-02 3.361E-02 0.000E+OO 1.873E-01 5.533E-01

13027 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

Kerma coefficients in units of f.Gy.mA2:
Enerpy proton deuteron triton helium3 alpha non-ret elas-rec

2.000E+O1 4.625E-01 1.940E-01 6.177E-03 0.000E+OO 2.413E-01 2.631E-01 1.003E-01
2.200E+01 5.263E-01 2.477E-01 9.195E-03 0.000E+OO 2.550E-01 2.760E-01 1.015E-01
2.400E+01 6.014E-01 3.015E-01 1.312E-02 0.000E+OO 2.677E-01 2.884E-01 1.021E-01
2.600E+01 6.740E-01 3.543E-01 1.735E-02 0.000E+OO 2.736E-01 2.985E-01 1.022E-01
2.800E+01 7.265E-01 3.730E-01 2.055E-02 0.000E+OO 3.472E-01 3.104E-O1 1.013E-01
3.000E+O1 8.054E-01 4.278E-01 2.490E-02 0.000E+OO 3.359E-01 3.143E-01 9.974E-02
3.500E+01 9.948E-01 5.322E-01 3.473E-02 0.000E+OO 3.21OE-O1 3.214E-01 9.592E-02
4.000E+O1 1.147E+O0 6.456E-01 4.291E-02 0.000E+OO 3.265E-01 3.313E-01 9.067E-02
4.500E+01 1.324E+O0 7.307E-01 4.950E-02 0.000E+OO 3.432E-01 3.378E-01 8.466E.02
5.000E+O1 1.468E+O0 7.867E-01 5.644E-02 0.000E+OO 3.778E-01 3.462E-01 7.956E-02
5.500E+01 1.631E+O0 8.696E-01 6.280E-02 0.000E+OO 3.941E-01 3.534E-01 7.421E-02
6.000E+O1 1.809E+O0 9.181E-01 6.839E-02 0.000E+OO 4.127E-01 3.556E-01 6.940E-02
6.500E+01 1.972E+O0 9.804E-01 7.362E-02 0.000E+OO 4.283E-01 3.598E-01 5.912E-02
7.000E+O1 2.141E+O0 1.079E+O0 7.692E-02 0.000E+OO 4.286E-01 3.637E-01 5.403E-02
7.500E+01 2.314E+O0 1.128E+O0 8.174E-02 0.000E+OO 4.454E-01 3.691E-01 4.932E-02
$.000E+O1 2.509E+O0 1.155E+O0 8.681E-02 0.000E+OO 4.678E-01 3.701E-01 4.504E-02
8.500E+01 2.738E+O0 1.245E+O0 8.814E-02 0.000E+OO 4.762E-01 3.750E-01 4.104E-O2
9.000E+O1 2.967E+O0 1.320E+O0 9.265E-02 0.000E+OO 4.967E-01 3.840E-01 3.753E-02
9.500E+01 3.204E+O0 1.419E+O0 9.694E-02 0.000E+OO 5.122E-01 3.896E-01 3.424E-02
1..000E+O23.417E+O0 1.511E+O0 1.012E-01 0.000E+OO 5.299E-01 3.972E-01 3.131E-02
I.1OOE+O2 3.876E+O0 1.580E+O0 1.104E-O1 0.000E+OO 5.658E-01 4.040E-01 2.608E-02
1.200E+02 4.283E+O0 1.719E+O0 1.178E-01 0.000E+OO 5.867E-01 4.113E-01 2.248E-02
1..3OOE+O24.706E+O0 1.891E+O0 1.264E-01 0.000E+OO 6.077E-01 4.285E-01 1.949E-02
1.400E+02 5.191E+O0 1.949E+O0 1.367E-01 0.000E+OO 6.400E-01 4.524E-01 1.630E-02
1..5OOE+O25.644E+O0 2.084E+O0 1.451E-01 0.000E+OO 6.562E-01 4.748E-01 1.441E-02

ToTAL

1.267E+O0
1.416E+O0
1.574E+O0
1.720E+O0
1.879E+O0
2.008E+O0
2.300E+O0
2.584E+O0
2.870E+O0
3.115E+O0
3.385E+O0
3.633E+O0
3.873E+O0
4.144E+O0
4.388E+O0
4.634E+O0
4.963E+O0
5.298E+O0
5.656E+O0
5.988E+O0
6.562E+O0
7.141E+O0
7.779E+O0
8.385E+O0
9.019E+O0
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EVALUATION OF n + 28Si CROSS SECTIONS FOR THE ENERGY
RANGE 1.OE-11 to 150 MeV

M. B. Chadwick and P. G. Young
1 July 1997

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
neutron energy range from 1.OE-11 to 150 MeV. The discussion
here is divided into the region below and above 20 MeV.

INCIDENT NEUTRON ENERGIES < 20 MeV

Below 20 MeV the evaluation is based completely on the ENDF/B-
VI.5 (Release 5) evaluation by D. Hetrick, N. Larson, D. Larson,
L. Leal, and S. Epperson.

INCIDENT NEUTRON ENERGIES > 20 MeV

The ENDF/B-VI Release 5 evaluation extends to 20 MeV and
includes cross sections and energy--angle data for all
significant reactions. The present evauation utilizes a more
compact composite reaction spectrum representation above 20 MeV
in order to reduce the length of the file. No essential data for
applications is lost with this representation.

The evaluation above 20 MeV utilizes MF=6, MT=5 to represent
all reaction data. Production cross sections and emission
spectra are given for neutrons, protons, deuterons, tritons,
alpha particles, gamma rays, and all residual nuclides produced
(AsS) in the reaction chains. To summarize, the ENDF sections
with non-zero

MF=3 MT=
MT=
MT=
MT=

MF=4 MT=

MF=6 MT=

1
2
3
5

2

5

data above En = 20 MeV are:

Total Cross Section
Elastic Scattering Cross Section
Nonelastic Cross Section
Sum of Binary (n,n’) and (n,x) Reactions

Elastic Angular Distributions

Production Cross Sections and Energy-Angle
Distributions for Emission Neutrons, Protons,
Deuteronsr Tritons, and Alphas; and”Angle- “
Integrated Spectra for Gamma Rays and Residual

Nuclei That Are Stable Against Particle Emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
Si28 and p + Si28 reactions (Ch97). We use the GNASH code system
(Ya92) , -W-hktiritii-l L* ““ ~~~=~~’-’ . -1--

preequilibrium and direct-reaction theories. Spherical optical
model calculations are used to obtain particle transmission
coefficients for the Hauser-Feshbach calculations, as well as
for the elastic neutron angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .



A model was developed to calculate the energy distributions of
all recoil nuclei in the GNASH calculations (Ch96) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF.6, and are given as isotropic in the lab system. All
other data in MT=5,MF=6 are given in the center-of-mass system.
This method of representation utilizes the LCT=3 option approved
at the November, 1996, CSEWG meeting.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85) , validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyuk (Ig75) and pairing and shell
parameters from the Cook (C067) analysis. Neutron and charged-
particle transmission coefficients were obtained from the
optical potentials, as discussed below. Gamma-ray transmission
coefficients were calculated using the Kopecky-Uhl model (K090) .

DETAILS OF THE n + S1-28 ANALYSIS

The neutron total cross section above 20 MeV was obtained by
evaluating the experimental data, with a particular emphasis on
the high-accuracy Los Alamos measurements by Finlay (Fi93) .

The Madland global medium-energy optical potential (Ma88) was
used for neutrons above 46 MeV, and the Wilmore-Hodgson
potential [Wi64] was used for lower neutron energies. The
Madland global medium-energy optical potential was used for
protons above 28 MeV, and the Beccheti-Greenlees potential
[Be69] was used for lower proton energies. In both cases the
transition region to the Madland potential was chosen to
approximately give continuity in the reaction cross section.
For deuterons, the Perey [Pe63] global potential was used; for
alpha particles the MacFadden potential [Ma66] was used; and for
tritons the Beccheti-Greenlees potential [Be71] was used.

4 While the above optical potentials did describe the
experimental proton nonelastic cross section data fairly well,
we modified the theoretical predictions slightly to better agree
with the measurements, and renormalized the transmission
coefficients accordingly. In addition to using Si nonelastic
proton cross section measurements, we also were guided by p+Al
nonelastic data, scaled by A**2/3.

Coupled-channel optical model calculations were performed to
determine inelastic scattering on 28Si, for the O+, 2+, and 4+
states, as well as a DWBA calculation of the inelastic
scattering to the 3- vibrational state, all performed with the
ECIS code [Ra72] . Near 20 MeV neutron energy, inelastic
scattering to these states has been measured by Alarcon and
Rapaport [A183], and Finlay et al., from Ohio University, and
the inelastic cross sections to these collective states is in
good- agreement with the ORNL ENDF evaluation far 28Si. To
produce continuity in the calculated inelastic cross sections up
to 150 MeV, we performed a rotational band (O+, 2+, 4+) coupled
channel calculation using the Madland medium energy potential
(with its imaginary potential reduced by 20%, to approximately
account for the coupling) . Deformation parameters were chosen to
reproduce the ENDF/B-VI cross sections at 20 MeV, resulting in
values of beta 2=-0.365”, beta 4=+0.22, in good agreement with— —



Rapaport’s values of -0.37, 0.17 respectively. A vi.brarional
DWBA calculation (using ECIS) was performed for the 3- state
resulting in beta-3=0.235 (Rapaport obtained 0.23) .

Only 2 measurements exist for neutron-induced emission spectra
above 20 MeV for 28Si. New data have been published by the
Louvain group at the 1997 Trieste conference for 63 MeV Si(n,xz)

double-differential spectra (z=p,d,a ejectiles) . Additionally,
Haight et al. of Los Alamos have preliminary data for Si(n,xp) ,
for neutrons up to 50 MeV, including emission spectra at four
angles. Our calculations agree reasonably well with these
measurements . While default level density parameters (using the
Ignatyuk model) were utilized, in the case of 28A1 the level

density parameter was slightly modified to optimize agreement

with the Abfalterer total level density measurements based on
fluctuation analyses (Ab93).

As an independent validation of our GNASH calculations using
the exciton model, we have also performed FKK calculations. This
was done by implementing a multistep reaction theory recently
developed by Koning and Chadwick, which is particularly suited
to the simultaneous calculation of neutron and proton emission.

The FKK theory describes the forward-peaking very well, as do
our exciton model calculations using the phenomenological

Kalbach angular distribution systematic.

**************** **************** **************** ****************
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14028 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

Nonelastic, elastic, and Production cross sections for A<5 ejectiles in barns:
Xnerpy nonelas elastic neutron proton deuteron triton helium3 alpha galmna

2.000E+O1 9.275E-01 9.125E-01 7.809E-01’3.991E-01 4.204E-02 4.389E-04 0.000E+OO 1.626E-01 1.044E+O0
2.200E+01 8.933E-01 9.867E-01 7.779E-01 4.033E-01 4.764E-02 1.039E-03 0.000E+OO 1.611E-01 1.019E+O0
2.400E+01 8.612E-01 1.045E+O0 7.599E-01 4.123E-01 5.403E-02 1.620E-03 0.000E+OO 1.575E-01 1.013E+O0
2.600E+01 8.304E-01 1.095E+O0 7.358E-01 4.149E-01 5.820E-02 1.838E-03 0.000E+OO 1.691E-01 1.005E+O0
2.800E+01 8.O1OE-O1 1.133E+O0 7.105E-O1 4.323E-01 6.285E-02 2.337E-03 0.000E+OO 1.608E-01 9.940E-01
3.000E+O1 7.732E-01 1.164E+O0 6.929E-01 4.520E-01 6.644E-02 2.814E-03 0.000E+OO 1.572E-01 9.540E-01
3.500E+01 7.113E-01 1.217E+O0 6.646E-01 4.913E-01 7.034E-02 4.481E-03 0.000E+OO 1.499E-01 8.873E-01
4.000E+O1 6.593E-01 1.232E+O0 6.494E-01 5.153E-01 7.047E-02 6.093E-03 0.000E+OO 1.436E-01 8.492E-01
4.500E+01 6.046E-01 1.228E+O0 6.320E-01 5.203E-01 6.869E-02 7.459E-03 0.000E+OO 1.498E-01 7.926E-01
5.000E+O1 5.737E-01 1.191E+O0 6.425E-01 5.424E-01 6.809E-02 8.417E-03 0.000E+OO 1.451E-01 7.552E-01
5.500E+01 5.558E-01 1.130E+O0 6.642E-01 5.663E-01 6.992E-02 9.335E-03 0.000E+OO 1..472E-O1 7.364E-01
6.000E+O1 5.381E-01 1.062E+O0 6.799E-01 5.878E-01 7.081E-02 1.036E-02 0.000E+OO 1.575E-01 7.094E-01
6.500E+01 5.221E-01 9.959E-01 6.954E-01 6.067E-01 7.076E-02 1.116E-02 0.000E+OO 1.587E-01 6.914E-01
‘7.000E+O15.074E-01 9.346E-01 7.028E-01 6.190E-01 7.261E-02 1.216E-02 0.000E+OO 1.612E-01 6.674E-01
7.500E+01 4.940E-01 8.680E-01 7.135E-01 6.344E-01 7.389E-02 1.31OE-O2 0.000E+OO 1.645E-01 6.478E-01
8.000E+O1 4.817E-01 8.073E-01 7.263E-01 6.443E-01 7.478E-02 1.416E-02 0.000E+OO 1.690E-01 6.214E-01
8.500E+01 4.704E-01 7.466E-01 7.354E-01 6.499E-01 7.541E-02 1.472E-02 0.000E+OO 1.678E-01 6.104E-O1
9.000E+O1 4.603E-01 6.967E-01 7.447E-01 6.647E-01 7.541E-02 1.595E-02 0.000E+OO 1.729E-01 5.905E-01
9.500E+01 4.51OE-O1 6.470E-01 7.513E-01 6.703E-01 7.696E-02 1.704E-02 0.000E+OO 1.758E-01 5.773E-01
1..000E+O24.429E-01 6.021E-01 7.581E-01 6.798E-01 7.857E-02 1.824E-02 0.000E+OO 1.766E-01 5.662E-01
3.1OOE+O2 4.296E-01 5.264E-01 7.768E-01 6.962E-01 8.170E-02 2.066E-02 0.000E+OO 1.821E-01 5.343E-01
1.200E+02 4.205E-01 4.606E-01 8.014E-01 7.206E-01 8.407E-02 2.343E-02 0.000E+OO 1.872E-01 5.128E-01
1.300E+02 4.160E-01 4.030E-01 8.229E-01 7.447E-01 8.826E-02 2.624E-02 0.000E+OO 1.887E-01 5.061E-01
1.400E+02 4.150E-01 3.530E-01 8.552E-01 7.727E-01 9.241E-02 2.934E-02 0.000E+OO 1.933E-01 4.918E-01
1.500E+02 4.177E-01 3.103E-O1 8.922E-01 8.090E-01 9.71OE-O2 3.281E-02 0.000E+OO 1.995E-01 4.863E-01

14028 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000z+A

Kerma coefficients in unita of
Energy proton deuteron

2.000E+O1 6.499E-01 9.151E-02
2.200E+01 7.252E-01 1..249E-O1
2.400E+01 7.997E-01 1.647E-01
2.600E+01 8.480E-01 2.005E-01
2.800E+01 9.307E-01 2.426E-01
3.000E+O1 1.018E+O0 2.837E-01
3.500E+01 1.208E+O0 3.695E-01
41.000E+O11.406E+O0 4.450E-01
4.500E+01 1.543E+O0 5.061E-01
5.000E+O1 1.731E+O0 5.652E-01
5.500E+01 1.948E+O0 6.468E-01
6.000E+O1 2.144E+O0 7.176E-01
6.500E+01 2.345E+O0 7.708E-01
7.000E+O1 2.528E+O0 8.511E-01
7.500E+01 2.717E+O0 9.21OE-O1
8.000E+O1 2.896E+O0 9.777E-01
8.!500E+013.076E+O0 1.034E+O0
9.000E+O1 3.274E+O0 1.062E+O0
9.5.00E+O13.447E+O0 3..13OE+OO
1.000E+02 3.626E+O0 1,.195E+O0
I.1OOE+O2 3.993E+O0 1.316E+O0
1.200E+02 4.404E+O0 1.395E+O0
1.300E+02 4.836E+O0 1.535E+O0
1.400E+02 5.307E+O0 1.647E+O0
1.500E+02 5.852E+O0 1.766E+O0

f.Gy.m&2:
triton helium3 alpha non-ret elas-rec

3.779E-04 0.000E+OO 3.496E-01 2.839E-01 7.872E-02
1.236E-03 0.000E+OO 3.683E-01 2.950E-01 9.139E-02
2.436E-03 0.000E+OO 3.771E-01 3.027E-01 9.127E-02
3.352E-03 0.000E+OO 4.208E-01 3.070E-01 9.018E-02
5.029E-03 0.000E+OO 4.228E-01 3.107E-O1 8.826E-02
6.763E-03 0.000E+OO 4.280E-01 3.139E-01 8.600E-02
1.317E-02 0.000E+OO 4.329E-01 3.258E-01 7.996E-02
2.038E-02 0.000E+OO 4.326E-01 3.333E-01 7.337E-02
2.707E-02 0.000E+OO 4.660E-01 3.386E-01 6.748E-02
3.362E-02 0.000E+OO 4.648E-01 3.448E-01 7.899E-02
3.997E-02 0.000E+OO 4.757E-01 3.561E-01 7.092E-02
4.570E-02 0.000E+OO 5.153E-01 3.689E-01 6.383E-02
5.134E-02 0.000E+OO 5.249E-01 3.750E-01 5.786E-02
5.71OE-O2 0.000E+OO 5.378E-01 3.829E-01 5.285E-02
6.253E-02 0.000E+OO 5.498E-01 3.884E-01 4.804E-02
6.804E-02 0.000E+OO 5.689E-01 3.945E-01 4.390E-02
7.206E-02 0.000E+OO 5.696E-01 3.957E-01 4.002E-02
7.754E-02 0.000E+OO 5.903E-01 3.941E-01 3.691E-02
8.184E-02 0.000E+OO 6.035E-01 3.973E-01 3.394E-02
8.638!4-020.000E+OO 6.128E-01 4.000E-01 3.132E-02
9.517E-02 0.000E+OO 6.405E-01 4.067E-01 2.702E-02
1.051E-01 0.000E+OO 6.704E-01 4.081E-01 2.338E-02
1.145E-01 0.000E+OO 6.908E-01 4.286E-01 2.027E-02
1.251E-01 0.000E+OO 7.183E-01 4.558E-01 1.759E-02
1.375E-01 0.000E+OO 7.539E-01 4.796E-01 1.531E-02

TOTAL

1.454E+O0
1.606E+O0
1.738E+O0
1.870E+O0
2.000E+OO
2.137E+O0
‘2.429E+O0
2.711E+O0
2.948E+O0
3.218E+O0
3.537E+O0
3.855E+O0
4.125E+O0
4.41OE+OO
4.686E+O0
4.949E+O0
5.188E+O0
5.434E+O0
5.693E+O0
5.952E+O0
6.479E+O0
7.007E+O0
7.626E+O0
8.271E+O0
9.004E+O0
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EVALUATION OF n + 29Si CROSS SECTIONS FOR THE ENERGY
RANGE 1.OE-11 to 150 MeV

M. B. Chadwick and P. G. Young
1 July 1997

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
neutron energy range from 1.OE-11 to 150 MeV. The discussion
here is divided into the region below and above 20 MeV.

INCIDENT NEUTRON ENERGIES < 20 MeV

Below 20 MeV the evaluation is based completely on the ENDF/B-
VI.5 (Release 5) evaluation by D. Hetrick, N. Larson, D. Larson,
L. Leal, and S. Epperson.

INCIDENT NEUTRON ENERGIES > 20 MeV

The ENDF/B-VI Release 5 evaluation extends to 20 MeV and
includes cross sections and energy-angle data for all
significant reactions. The present evauation utilizes a more
compact composite reaction spectrum representation above 20 MeV
in order to reduce the length of the file. No essential data for
applications is lost with this representation.

The evaluation above 20 MeV utilizes MF=6, MT=5 to represent
all reaction data. Production cross sections and emission
spectra are given for neutrons, protons, deuterons, tritons,
alpha particles, gamma rays, and all residual nuclides produced
(A>5) in the reaction chains. To summarize, the ENDF sections
with non-zero data above En = 20 MeV are:

MF=3 MT= 1 Total Cross Section
MT= 2 Elastic Scattering Cross Section
MT= 3 Nonelastic Cross Section
MT= 5 Sum of Binary (n,n’) and (n,x) Reactions

MF=4 MT= 2 Elastic Angular Distributions

MF=6 MT= 5 Production Cross Sections and Energy-Angle
Distributions for Emission Neutrons, Protons,
Deuterons, Tritons, and Alphas; and Angle-
Integrated Spectra for Gamma Rays and Residual

Nuclei That Are Stable Against Particle Emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
Si28 and p + Si28 reactions (Ch97) . We use the GNASH code system
(Y092) , which utilizes Hauser-Feshbach statistical,
preequilibrium and direct-reaction theories. Spherical optical
model calculations are used to obtain particle transmission
coefficients for the Hauser-Feshbach calculations, as well as
for the elastic neutron angular distributions.

Cross sections and spectra for producing individual residual
nuclei are includedfor reactions.The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .



A model was developed to calculate the energy distributions of
all recoil nuclei in the GNASH calculations (Ch96) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. All
other data in MT=5,MF=6 are given in the center-of-mass system.
This method of representation utilizes the LCT=3 option approved
at the November, 1996, CSEWG meeting.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85) , validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyuk (Ig75) and pairing and shell
parameters from the Cook (C067) analysis. Neutron and charged-
particle transmission coefficients were obtained from the
optical potentials, as discussed below. Gamma-ray transmission
coefficients were calculated using the Kopecky-Uhl model (K090) .

DETAILS OF THE n + S1-29 ANALYSIS

The neutron total cross section above 20 MeV was obtained by
evaluating the nat-Si experimental data, with a particular
emphasis on the high-accuracy Los Alamos measurements by Finlay
(Fi93) . The Si-28 total cross section, based on nat-Si data, was
scaled by 1.02036 (an A**2/3 factor) for Si-29.

The Madland global medium-energy optical potential (Ma88) was
used for neutrons above 46 MeV, and the Wilmore-Hodgson [Wi64]
potential was used for lower neutron energies. The Madland
global medium-energy optical potential was used for protons
above 28 MeV, and the Beccheti-Greenlees [Be69] potential was
used for lower proton energies. In both cases the transition
region to the Madland potential was chosen to approximately give
continuity in the reaction cross section. For deuterons, the
Perey [Pe63] global potential was used; for alpha particles the
MacFadden [Ma66] potential was used; and for tritons the
Beccheti-Greenlees [Be71] potential was used.

While the above optical potentials did describe the
experimental proton nonelastic cross section data fairly well,
we modified the theoretical predictions slightly to better agree
with the measurements, and renormalized the transmission
coefficients accordingly. In addition to using Si nonelastic
proton cross section measurements, we also were guided by p+Al
nonelastic data, scaled by A**2/3. The Si-29 nonelastic cross
section was taken by scaling the evaluated Si-28 value by
1.02036 (an A**2/3 factor).

Due to the small abundance of 29Si in nat-Si, a sophisticated
DWBA treatment of inelastic scattering using a coupled-channels
calculation was not undertaken (the rotational-vibrational
collective structure of this nucleus is rather complicated) .
Instead, values for inelastic scattering obtained from the
JENDL-3 evaluation (H.KITAZAWA et al.), for the 5/2+ (2.03 MeV)
and 3/2+ (2.43 MeV) were extrapolated to higher energies using a
l/E variation.

The same preequilibrium input parameters were used as for Si-
28, which was benchmarked against (n,xz) data from the Louvain
group at 63 MeV, and aqainst unpublished (n”,xp) data by Haiqht—
et al. for neutrons
for more details.

up-to 50 Me~. See our E~~ file-l for n;28Si
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14029 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000z+A

Nonelastic, elastic, and Production cross sections for A<5 ejectiles in barns:
Energy nonelas elastic neutron proton deuteron triton heliud alpha ganlma

2.000E+O1 9.494E-01 9.341E-01 1.195E+O0 1.660E-01 3.245E-02 3.399E-03 0.000E+OO 1.274E-01 1.344E+O0
2.200E+01 9.144E-01 1.O1OE+OO 1.151E+O0 1.930E-01 3.920E-02 4.073E-03 0.000E+OO 1.314E-01 1.328E+O0
2.400E+01 8.816E-01 1.070E+O0 1.116E+O0 2.135E-01 4.428E-02 4.476E-03 0.000E+OO 1.413E-01 1.293E+O0
2.600E+01 8.500E-01 1.121E+O0 1.089E+O0 2.439E-01 4.921E-02 5.075E-03 0.000E+OO 1.375E-01 1.221E+O0
2.800E+01 8.200E-01 1.160E+O0 1.080E+O0 2.652E-01 5.263E-02 5.592E-03 0.000E+OO 1.350E-01 1.128E+O0
3.000E+O1 7.915E-01 1.191E+O0 1.065E+O0 2.853E-01 5.627E-02 6.106E-O3 0.000E+OO 1.285E-01 1.063E+O0
3.500E+01 7.282E-01 1.245E+O0 1.019E+O0 3.274E-01 5.900E-02 7.253E-03 0.000E+OO 1.176E-01 9.620E-01
4.000E+O1 6.749E-01 1.261E+O0 9.927E-01 3.581E-01 5.855E-02 8.640E-03 0.000E+OO 1.244E-01 8.893E-01
4.500E+01 6.189E-01 1.257E+O0 9.516E-01 3.796E-01 5.785E-02 9.539E-03 0.000E+OO 1.188E-01 8.171E-01
5.000E+O1 5.873E-01 1.219E+O0 9.414E-01 4.075E-01 5.786E-02 1.036E-02 0.000E+OO 1.176E-01 7.961E-01
5.500E+01 5.689E-01 1.157E+O0 9.568E-01 4.361E-01 5.940E-02 1.115E-02 0.000E+OO 1.182E-01 7.726E-01
6.000E+O1 5.509E-01 1.087E+O0 9.716E-01 4.641E-01 6.009E-02 1.229E-02 0.000E+OO 1.267E-01 7.383E-01
6.500E+01 5.345E-01 1.019E+O0 9.777E-01 4.846E-01 6.045E-02 1.305E-02 0.000E+OO 1.295E-01 7.288E-01
7.000E+O1 5.195E-01 9.567E-01 9.814E-01 5.004E-01 6.261E-02 1.382E-02 0.000E+OO 1.319E-01 6.911E-01
7.500E+01 5.057E-01 8.885E-01 9.920E-01 5.142E-01 6.196E-02 1.481E-02 0.000E+OO 1.366E-01 6.749E-01
8.000E+O1 4.931E-01 8.264E-01 9.984E-01 5.306E-01 6.324E-02 1.619E-02 0.000E+OO 1.443E-01 6.530E-01
8.500E+01 4.815E-01 7.643E-01 1.002E+O0 5.429E-01 6.4352+02 1.726E-02 0.000E+OO 1.479E-01 6.342E-01
9.000E+O1 4.712E-01 7.132E-01 1.007E+O0 5.540E-01 6.460E-02 1.830E-02 0.000E+OO 1.508E-01 6.162E-01
9.500E+01 4.617E-01 6.623E-01 1.005E+O0 5.646E-01 6.613E-02 1.946E-02 0.000E+OO 1.521E-01 6.070E-01
1.000E+02 4.534E-01 6.164E-01 1.O1lE+OO 5.730E-01 6.759E-02 2.062E-02 0.000E+OO 1.553E-01 5.911E-01
1.1OOE+O2 4.398E-01 5.388E-01 1.017E+O0 5.865E-01 6.877E-02 2.216E-02 0.000E+OO 1.560E-01 5.685E-01
1.200E+02 4.304E-01 4.714E-01 1.032E+O0 6.082E-01 7.133E-02 2.479E-02 0.000E+OO 1.609E-01 5.470E-01
1.300E+02 4.259E-01 4.125E-01 1.051E+O0 6.317E-01 7.540E-02 2.767E-02 0.000E+OO 1.660E-01 5.371E-01
1.400E+02 4.249E-01 3.613E-01 1.083E+O0 6.588E-01 7.871E-02 3.085E-02 0.000E+OO 1.712E-01 5.293E-01
1.500E+02 4.276E-01 3.176E-01 1.118E+O0 6.908E-01 8.282E-02 3.422E-02 0.000E+OO 1.762E-01 5.238E-01

14029 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

Kerma coefficients in units of f.Gy.mA2:
Energy proton deuteron triton heliurd alpha non-ret elas-rec

2.000E+O1 3.237E-01 6.756E-02 5.207E-03 0.000E+OO 3.198E-01 2.689E-01 7.530E-02
2.200E+01 3.995E-01 9.700E-02 7.221E-03 0.000E+OO 3.383E-01 2.802E-01 8.866E-02
2.400E+01 4.647E-01 1.268E-01 9.150E-03 0.000E+OO 3.706E-01 2.883E-01 8.837E-02
2.600E+01 5.511E-01 1.596E-01 1.177E-02 0.000E+OO 3.736E-01 2.943E-01 8.717E-02
2.800E+01 6.299E-01 1.887E-01 1.447E-02 0.000E+OO 3.760E-01 2.972E-01 8.518E-02
3.000E+O1 7.150E-01 2.250E-01 1.737E-02 0.000E+OO 3.681E-01 2.988E-01 8.286E-02
3.500E+01 9.197E-01 2.978E-01 2.427E-02 0.000E+OO 3.547E-01 3.045E-01 7.670E-02
4.000E+O1 1.101E+OO 3.597E-01 3.126E-02 0.000E+OO 3.792E-01 3.166E-01 7.O1OE-O2
4.500E+01 1.267E+O0 4.132E-01 3.744E-02 0.000E+OO 3.689E-01 3.158E-01 6.427E-02
5.000E+O1 1.455E+O0 4.658E-01 4.266E-02 0.000E+OO 3.688E-01 3.220E-01 7.421E-02
5.500E+01 1.665E+O0 5.315E-01 4.795E-02 0.000E+OO 3.731E-01 3.333E-01 6.664E-02
6.000E+O1 1.867E+O0 5.819E-01 5.294E-02 0.000E+OO 3.986E-01 3.431E-01 5.999E-02
6.500E+01 2.062E+O0 6.294E-01 5.751E-02 0.000E+OO 4.077E-01 3.487E-01 5.441E-02
7.000E+O1 2.245E+O0 7.038E-01 6.182E-02 0.000E+OO 4.164E-01 3.580E-01 4.972E-02
7.500E+01 2.430E+O0 7.252E-01 6.640E-02 0.000E+OO 4.307E-01 3.605E-01 4.522E-02
8.000E+O1 2.607E+O0 7.740E-01 7.151E-02 0.000E+OO 4.571E-01 3.653E-01 4.135E-02
8.500E+01 2.781E+O0 8.235E-01 7.521E-02 0.000E+OO 4.679E-01 3.685E-01 3.772E-02
9.000E+O1 2.959?S+00 8.535E-01 7.899E-02 0.000E+OO 4.791E-01 3.716E-01 3.481E-02
9.500E+01 3.134E+O0 9.088E-01 8.276E-02 0.000E+OO 4.857E-01 3.737E-01 3.203E-02
1.000E+02 3.308E+O0 9.622E-01 8.641E-02 0.000E+OO 4.976E-01 3.762E-01 2.958E-02
I.1OOE+O2 3.693E+O0 1.035E+O0 9.186E-02 0.000E+OO 5.050E-01 3.718E-01 2.554E-02
1.200E+02 4.079E+O0 1.116E+O0 9.971E-02 0.000E+OO 5.280E-01 3.780E-01 2.214E-02
1..3OOE+O2 4.497E+O0 1.234E+O0 3..O84E-O1 0.000E+OO 5.505E-01 3.962E-01 1.921E-02
1,.400E+02 4.970E+O0 1.308E+O0 1.184E-01 0.000E+OO 5.777E-01 4.168E-01 1.670E-02
1.500E+02 5.478E+O0 1.403E+O0 1.290E-01 0.000E+OO 6.046E-01 4.454E-01 1.455E-02

TOTAL

1.060E+O0
1.211E+O0
1.348E+O0
1.478E+O0
1.591E+O0
1.707E+O0
1.978E+O0
2.258E+O0
2.467E+O0
2.728E+O0
3.018E+O0
3.303E+O0
3.560E+O0
3.835E+O0
4.058E+O0
4.316E+O0
4.554E+O0
4.777E+O0
5.017E+O0
5.260E+O0
5.722E+O0
6.222E+O0
6.806E+O0
7.407E+O0
8.075E+O0
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EVALUATION OF n + 30Si CROSS SECTIONS FOR THE ENERGY
RANGE 1.OE-11 to 150 MeV

M. B. Chadwick and P. G. Young
1 July 1997

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
neutron energy range from 1.OE-11 to 150 MeV. The discussion
here is divided into the region below and above 20 MeV.

INCIDENT NEUTRON ENERGIES < 20 MeV

Below 20 MeV the evaluation is based completely on the ENDF/B-
VI.5 (Release 5) evaluation by D. Hetrick, N. Larson, D. Larson,
L. Leal, and S. Epperson.

INCIDENT NEUTRON ENERGIES > 20 MeV

The ENDF/B-VI Release 5 evaluation extends to 20 MeV and
includes cross sections and energy-angle data for all
significant reactions. The present evauation utilizes a more
compact composite reaction spectrum representation above 20 MeV
in order to reduce the length of the file. No essential data for
applications is lost with this representation.

The evaluation above 20 MeV utilizes MF=6, MT=5 to represent
all reaction data. Production cross sections and emission
spectra are given for neutrons, protons, deuterons, tritons,
alpha particles, gamma rays, and all residual nuclides produced
(A>5) in the reaction chains. To summarize, the ENDF sections
with non-zero data above En = 20 MeV are:

MF=3 MT= 1 Total Cross Section
MT= 2 Elastic Scattering Cross Section
MT= 3 Nonelastic Cross Section
MT= 5 Sum of Binary (n,n’) and (n,x) Reactions

MF=4 MT= 2 Elastic Angular Distributions

MF=6 MT= 5 Production Cross Sections and Energy-Angle
Distributions for Emission Neutrons, Protons,
Deuterons, Tritons, and Alphas; and Angle-
Integrated Spectra for Gamma Rays and Residual

Nuclei That Are Stable Against Particle Emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
Si28 and p + Si28 reactions (Ch97) . We use the GNASH code system
(Yo9_2Q,.which.uti.liz.es. Hauser-Feshbach statistical,.
preequilibrium and direct-reaction theories. Spherical optical
model calculations are used to obtain particle transmission
coefficients for the Hauser-Feshbach calculations, as well as
for the elastic neutron angular distributions.

Cross sections and spectra for producing individual residual
nuclei are includedfor reactions.The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .



A model was developed to calculate the energy distributions of
all recoil nuclei in the GNASH calculations (Ch96) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. All
other data in MT=5,MF.6 are given in the center-of-mass system.
This method of representation utilizes the LCT=3 option approved
at the November, 1996, CSEWG meeting.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85), validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyuk (Ig75) and pairing and shell
parameters from the Cook (C067) analysis. Neutron and charged-
particle transmission coefficients were obtained from the
optical potentials, as discussed below. Gamma-ray transmission
coefficients were calculated using the Kopecky-Uhl model (K090) .

DETAILS OF THE n + S1-30 ANALYSIS

The neutron total cross section above 20 MeV was obtained by
evaluating the nat-Si experimental data, with a particular
emphasis on the high-accuracy Los Alamos measurements by Finlay
(Fi93) . The Si-28 total cross section, based on nat-Si data, was
scaled by 1.047 (an A**2/3 factor) for Si-30.

The Madland global medium-energy optical potential (Ma88) was
used for neutrons above 46 MeV, and the Wilmore-Hodgson
potential was used for lower neutron energies. The Madland
global medium-energy optical potential was used for protons
above 28 MeV, and the Beccheti-Greenlees potential was used for
lower proton energies. In both cases the transition region to
the Madland potential was chosen to approximately give
continuity in the reaction cross section. For deuterons, the
l?erey global potential was used; for alpha particles the Moyen
potential was used; and for tritons the Beccheti-Greenlees
potential was used.

While the above optical potentials did describe the
experimental proton nonelastic cross section data fairly well,
we modified the theoretical predictions slightly to better agree
with the measurements, and renormalized the transmission
coefficients accordingly. In addition to using Si nonelastic
proton cross section measurements, we also were guided by p+Al
nonelastic data, scaled by A**2/3. The Si-30 nonelastic cross
section was taken by scaling the evaluated Si-28 value by 1.047
(an A**2/3 factor).
Inelastic scattering to the 2+ (2.24 MeV) and 4+ (5.95 MeV)

states in 30-Si was determined using a coupled-channel ECIS
calculation. To produce continuity in the calculated inelastic
cross sections up to 150 MeV, we performed an oblate rotational
band (O+, 2+, 4+) coupled channel calculation using the Madland
medium energy potential (with its imaginary potential reduced by
20%, to approximately account for the coupling) . Deformation
parameters were chosen to reproduce the JENDL-3 evaluation at 20
MeV (H.KITAZAWA et al.) . The resulting deformation parameters
(beta_2=-O.33, beta 4=0.20) were close to those used for Si-28.
The same Dreeauil~brium input parameters were used as for Si-

28, which w% b&chmarked ag~ins~ (n,xz)data from the Iiouvain
group at 63 MeV, and against unpublished (n,xp) data by Haight
et al. for neutrons up to 50 MeV. See our ENDF file-1 for n+28Si



for more details.
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14030 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

Nonelastic, elastic, and Production cross sections for A<5 ejectiles in barns:
Energy nonelas elastic neutron proton deuteron triton heliuxd alpha gaxssa

2.000E+O1 9.712E-01 9.555E-01 1.431E+O0 7.360E-02 2.140E-02 1.812E-03 0.000E+OO 4.257E-02 1.499E+O0
2.200E+01 9.353E-01 1.033E+O0 1.392E+O0 9.227E-02 2.902E-02 2.762E-03 0.000E+OO 5.206E-02 1.496E+O0
2.400E+01 9.017E-01 1.094E+O0 1.356E+O0 I.11OE-O1 3.213E-02 3.174E-03 0.000E+OO 6.293E-02 1.469E+O0
2.600E+01 8.695E-01 1.146E+O0 1.319E+O0 1.264E-01 3.700E-02 3.467E-03 0.000E+OO 7.857E-02 1.420E+O0
2.800E+01 8.387E-01 1.186E+O0 1.295E+O0 1.439E-01 4.168E-02 4.155E-03 0.000E+OO 7.899E-02 1.353E+O0
3.000E+O1 8.096E-01 1.219E+O0 1.276E+O0 1.604E-01 4.596E-02 4.874E-03 0.000E+OO 7.960E-02 1.273E+O0
3.500E+01 7.448E-01 1.274E+O0 1.243E+O0 1.986E-01 5.143E-02 6.250E-03 0.000E+OO 7.953E-02 1.096E+O0
4.000E+O1 6.903E-01 1.290E+O0 1.209E+O0 2.301E-01 5.178E-02 7.270E-03 0.000E+OO 8.771E-02 9.926E-01
4.500E+01 6.331E-01 1.286E+O0 1.154E+O0 2.579E-01 5.241E-02 7.806E-03 0.000E+OO 8.364E-02 8.919E-01
5.000E+O1 6.007E-01 1.247E+O0 1.140E+O0 2.880E-01 5.292E-02 8.593E-03 0.000E+OO 8.373E-02 8.269E-01
5.500E+01 5.819E-01 1.183E+O0 1.148E+O0 3.208E-01 5.31OE-O2 9.612iS-03 0.000E+OO 8.619E-02 7.991E-01
6.000E+O1 5.635E-01 1.112E+O0 1.157E+O0 3.460E-01 5.424E-02 1.084E-02 0.000E+OO 9.301E-02 7.762E-01
6.500E+01 5.467E-01 1.043E+O0 1.165E+O0 3.680E-01 5.505E-02 1.178E-02 0.000E+OO 9.457E-02 7.493E-01
7.000E+O1 5.313E-01 9.786E-01 1.170E+O0 3.911E-01 5.551E-02 1.285E-02 0.000E+OO 9.796E-02 7.124E-01
7.500E+01 5.173E-01 9.088E-01 1.169E+O0 4.073E-01 5.659E-02 1.3S9E-02 0.000E+OO 1.O1OE-O1 7.103E-O1
8.000E+O1 5.044E-01 8.453E-01 1.177E+O0 4.234E-01 5.756E-02 1.518E-02 0.000E+OO 1.070E-01 6.900E-01
8.500E+01 4.925E-01 7.817E-01 1.182E+O0 4.379E-01 5.822E-02 1.615E-02 0.000E+OO 1.1OOE-O1 6.735E-01
9.000E+O1 4.819E-01 7.295E-01 1.183E+O0 4.493E-01 5.944E-02 1.725E-02 0.000E+OO 1.129E-01 6.561E-01
9.500E+01 4.723E-01 6.774E-01 1.193E+O0 4.628E-01 5.878E-02 1.848E-02 0.000E+OO 1.175E-01 6.317E-01
1.000E+02 4.637E-01 6.305E-01 1.195E+O0 4.743E-01 6.028E-02 1.961E-02 0.000E+OO 1.21OE-O1 6.129E-01
1.1OOE+O2 4.498E-01 5.512E-01 1.188E+O0 4.881E-01 6.218E-02 2.105E-O2 0.000E+OO 1.231E-01 6.026E-01
1.200E+02 4.402E-01 4.822E-01 1.200E+O0 5.077E-01 6.481E-02 2.359E-02 0.000E+OO 1.299E-01 5.807E-01
1.300E+02 4.356E-01 4.220E-01 1.231E+O0 5.337E-01 6.711E-02 2.648E-02 0.000E+OO 1.376E-01 5.567E-01
1.400E+02 4.346E-01 3.696E-01 1.252E+O0 5.574E-01 7.094E-02 2.951E-02 0.000E+OO 1.437E-01 5.615E-01
1.500E+02 4.374E-01 3.249E-01 1.289E+O0 5.850E-01 7.512E-02 3.283E-02 0.000E+OO 1.505E-01 5.542E-01

14030 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

Kerma coefficients in units of f.Gy.mA2:
Energy proton deuteron triton helium3 alpha non- re.c elas-rec

2.000E+O1 1.341E-01 3.664E-02 1.968E-03 0.000E+OO’’8.574E-O2 2.367E-01 7.215E-02
2.200E+01 1.814E-01 6.101E-O2 3.640E-03 0.000E+OO 1.065E-01 2.488E-01 8.611E-02
2.400E+01 2.325E-01 7.927E-02 4.917E-03 0.000E+OO 1.323E-01 2.601E-01 8.571E-02
2.600E+01 2.857E-01 1.058E-01 6.132E-03 0.000E+OO 1.700E-01 2.686E-01 8.442E-02
2.800E+01 3.496E-01 1.349E-01 8.1OOE-O3 0.000E+OO 1.809E-01 2.745E-01 8.237E-02
3.000E+O1 4.165E-01 1.666E-01 1.032E-02 0.000E+OO 1.896E-01 2.791E-01 8.000E-02
3.500E+01 5.951E-01 2.351E-01 1.592E-02 0.000E+OO 1.994E-01 2.868E-01 7.372E-02
4.000E+O1 7.657E-01 2.874E-01 2.112E-02 0.000E+OO 2.276E-01 2.948E-01 6.712E-02
4.500E+01 9.280E-01 3.468E-01 2.536E-02 0.000E+OO 2.228E-01 2.954E-01 6.134E-02
5.000E+O1 1.lllE+OO 4.005E-01 2.960E-02 0.000E+OO 2.264E-01 3.018E-01 6.988E-02
5.500E+01 1.320E+O0 4.457E-01 3.415E-02 0.000E+OO 2.354E-01 3.107E-O1 6.277E-02
6.000E+O1 1.506E+O0 5.012E-01 3.886E-02 0.000E+OO 2.577E-01 3.205E-01 5.652E-02
6.500E+01 1.701E+O0 5.501E-01 4.295E-02 0.000E+OO 2.643E-01 3.268E-01 5.128E-02
7.000E+O1 1.890E+O0 5.893E-01 4.737E-02 0.000E+OO 2.750E-01 3.325E-01 4.689E-02
7.500E+01 2.070E+O0 6.382E-01 5.143E-02 0.000E+OO 2.862E-01 3.373E-01 4.266E-02
8.000E+O1 2.241E+O0 6.821E-01 5.586E-02 0.000E+OO 3.068E-01 3.428E-01 3.903E-02
8.500E+01 2.423E+O0 7.178E-01 5.956E-02 0.000E+OO 3.167E-01 3.457E-01 3.563E-02
9.000E+O1 2.599E+O0 7.673E-01 6.320E-02 0.000E+OO 3.262E-01 3.481E-01 3.290E-02
9.500E+01 2.792E+O0 7.636E-01 6.718E-02 0.000E+OO 3.41OE-O1 3.473E-01 3.029E-02
1.000E+02 2.966E+O0 8.136E-01 7.069E-02 0.000E+OO 3.517E-01 3.493E-01 2.79932-02
1.1OOE+O2 3.341E+O0 9.093E-01 7.533E-02 0.000E+OO 3.598E-01 3.498E-01 2.421E-02
1.200E+02 3.724E+O0 9.936E-01 8.292E-02 0.000E+OO 3.833E-01 3.551E-01 2.101E-O2
1.300E+02 4.158E+O0 1.043E+O0 9.155E-02 0.000E+OO 4.118E-01 3.671E-01 1.826E-02
1.400E+02 4.599E+O0 1.142E+O0 1.005E-01 0.000E+OO 4.366E-01 3.924E-01 1.589E-02
1.500E+02 5.095E+O0 1.240E+O0 1.107E-O1 0.000E+OO 4.625E-01 4.195E-01 1.386E-02

ToTAL

5.673E-01
6.874E-01
7.947E-01
9.207E-01
1.030E+O0
1.142E+O0
1.406E+O0
1.664E+O0
1.880E+O0
2.139E+O0
2.409E+O0
2.681E+O0
2.936E+O0
3.181E+O0
3.426E+O0
3.668E+O0
3.898E+O0
4.137E+O0
4.341E+O0
4.579E+O0
5.060E+O0
5.559E+O0
6.089E+O0
6.687E+O0
7.342E+O0
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EVALUATION OF n + 31P CROSS SECTIONS FOR THE ENERGY
RANGE 1.OE-11 to 150 MeV

M. B. Chadwick, arid P. G. Young
15 December 1997

This evaluation provides a .c.omplete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
neutron energy range from 1.OE-11 to 150 MeV. The discussion
here is divided into the region below and above 20 MeV.

INCIDENT NEUTRON ENERGIES < 20 MeV

Below 20 MeV the evaluation is based completely on the ENDF/B-
VI (Release 1) evaluation by R. Howerton (1977) .

INCIDENT NEUTRON ENERGIES > 20 MeV

The ENDF/B-VI Release 2 evaluation extends to 20 MeV and
includes cross sections and energy-angle data for all
significant reactions. The present evaluation utilizes a more
compact composite reaction spectrum representation above 20 MeV
in order to reduce the length of the file. No essential data for
applications is lost with this representation.

The evaluation above 20 MeV utilizes MF=6, MT=5 to represent
all reaction data. Production cross sections and emission
spectra are given for neutrons, protons, deuterons, tritons,
alpha particles, gamma rays, and all residual nuclides produced
(A>5) in the reaction chains. To summarize, the ENDF sections
with non-zero data above En = 20 MeV are:

MF=3 MT= 1 Total Cross Section
MT= 2 Elastic Scattering Cross Section
MT= 3 Nonelastic Cross Section
MT= 5 Sum of Binary (n,n’) and (n,x) Reactions

MF=4 MT= 2 Elastic Angular Distributions

MF=6 MT= 5 Production Cross Sections and Energy-Angle
Distributions for Emission Neutrons, Protons,
Deuterons, Tritons, and Alphas; and Angle-
Integrated Spectra for Gamma Rays and Residual

Nuclei That Are Stable Against Particle Emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
P31 and p + P31 reactions (Ch98) . We use the GNASH code system
(Y092) , which utilizes Hauser-Feshbach statistical, preequilib-
~~l~~a.apd di -rac!t--rnapt.;.nn th=n~; C.Q- .- ------ --------- .---------- . Sp&ZiC~l q2tical m~del
calculations are used to obtain particle transmission
coefficients for the Hauser-Feshbach calculations, as well as
for the elastic neutron angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions. The energy-angle-correlations
foY all outgoingparticles are based on Kalbach systernatics
(Ka88) .
A model was developed to calculate the energy distributions of



all recoil nuclei in the GNASH calculations (Ch96a) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. All
other data in MT.5,MF.6 are given in the center-of-mass system.
This method of representation utilizes the LCT=3 option approved
at the November, 1996, CSEWG meeting.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85) , validated by comparison with calculations using Feshbach,
Kerman, Koonin “(FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyuk et al. (Ig75) and pairing and
shell parameters from the Cook (C067) analysis. Neutron and
charged- particle transmission coefficients were obtained from
the optical potentials, as discussed below. Gamma-ray
transmission coefficients were calculated using the Kopecky-Uhl
model (K090) .

SPECIFIC INFORMATION CONCERNING THE P-31 EVALUATION

For incident neutrons the Wilmore-Hodgson [Wi64] optical
potential was used below 20 MeV and the Madland medium [Ma88]
energy potential was used at higher energies. Above 130 MeV the
reaction cross section, and corresponding transmission
coefficients, were renormalized to agree with the evaluated
reaction cross section of [Ch96b] . For incident protons the
Becchetti-Greenlees [Be69] potential was used below 20 MeV, and
the Madland potential at higher energies. Above 6 MeV the
reaction cross section (and trans. coeff.) was renormalized to
values predicted by the systematic of Wellisch [We96] . The
potential of Lohr (L074) was used for deuterons, and Mcfadden-
Satchler (Mc66) for alpha particles. We followed ref. [Ch96b] in
ignoring He-3 emission.

The total cross section was evaluated in the following way.
The only measurement above 20 MeV is that of Deconninck et al.
(Di61), who measure 2030 +/- 60 mb at 28.4 MeV. We took the
evaluated total cross section data from our high-energy n+Si28
evaluation (based primarily on Finlay’s 1993 (Fi93) total cross
section data) , and scaled the values to agree with the
Deconninck measurement (a 5% increase) . Note that this scaling
is approximately consistent with an A**{2/3} dependence in the
total cross section (which would give a 7% difference) . Our
evaluated total cross section at 20 MeV now exceeds the ENDF/B-
VI value at 20 MeV by 15%; however, as explained above,
arguments exist for our larger value.

We also note that our evaluated nonelastic cross section,
which results from optical model calculations, is approximately
20% higher than the ENDF/B-VI value at 20 MeV. No experimental
data are available to constrain the evaluation in this energy
range. We do note, however, that systematic embodied in the
neutron nonelastic cross section parameterization from NASA
(Tr97) a~~ ~pport~ Our higher value, giving a prediction of
959 mb at 20 MeV, a value approximately 3% higher than our
evaluated result.

Nuclear level densities were obtained using the Ignatyuk model
(Ig75), and low-lying levels were obtained after first
determining the upper limit for which the experimental level
informationis complete.

****************************************************************
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15031 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

Nonelastic, elastic, and Production cross sections for AsS ejectiles in barns:
Energy nonelas elastic neutron proton deuteron triton heliud alpha g—

2.000E+O1 9.308E-01 9.995E-01 9.314E-01 4.931E-01 6.590E-02 0.000E+OO 0.000E+OO 1.498E-01 1.253E+O0
2.200E+01 8.150E-01 1.157E+O0 8.671E-01 4.267E-01 6.341E-02 0.000E+OO 0.000E+OO 1.391E-01 1.138E+O0
2.400E+01 7.954E-01 1.204E+O0 8.912E-01 4.334E-01 7.014E-02 0.000E+OO 0.000E+OO 1.360E-01 1.107E+OO
2.600E+01 7.753E-01 1.244E+O0 9.078E-01 4.413E-01 7.480E-02 0.000E+OO 0.000E+OO 1.290E-01 1.091E+O0
2.800E+01 7.557E-01 1.273E+O0 9.184E-01 4.513E-01 7.978E-02 0.000E+OO 0.000E+OO 1.214E-01 1.069E+O0
3.000E+O1 7.378E-01 1.294E+O0 9.283E-01 4.603E-01 8.364E-02 0.000E+OO 0.000E+OO 1.145E-01 1.044E+O0
3.500E+01 7.006E-01 1.322E+O0 9.425E-01 4.661E-01 9.036E-02 0.000E+OO 0.000E+OO 1.083E-01 1.029E+O0
4.000E+O1 6.701E-01 1.314E+O0 9.591E-01 4.717E-01 9.063E-02 0.000E+OO 0.000E+OO 1.099E-01 9.814E-01
4.500E+01 6.439E-01 1.279E+O0 9.649E-01 4.751E-01 9.188E-02 0.000E+OO 0.000E+OO 1.114E-01 9.401E-01
5.000E+O1 6.21OE-O1 1.231E+O0 9.767E-01 4.863E-01 9.207E-02 0.000E+OO 0.000E+OO 1.145E-01 9.O1lE-01
5.500E+01 6.004E-01 1.168E+O0 9.894E-01 5.023E-01 9.087E-02 0.000E+OO 0.000E+OO 1.195E-01 8.654E-01
6.000E+O1 5.818E-01 1.097E+O0 9.973E-01 5.186E-01 9.009E-02 0.000E+OO 0.000E+OO 1.237E-01 8.417E-01
6.500E+01 5.648E-01 1.028E+O0 1.013E+O0 5.324E-01 8.976E-02 0.000E+OO 0.000E+OO 1.290E-01 8.041E-01
7.000E+O1 5.492E-01 9.636E-01 1.024E+O0 5.465E-01 8.841E-02 0.000E+OO 0.000E+OO 1.349E-01 7.613E-01
7.500E+01 5.349E-01 8.940E-01 1.037E+O0 5.618E-01 8.841E-02 0.000E+OO 0.000E+OO 1.418E-01 7.564E-01
8.000E+O1 5.217E-01 8.305E-01 1.046E+O0 5.708E-01 8.898E-02 0.000E+OO 0.000E+OO 1.464E-01 7.373E-01
8.500E+01 5.098E-01 7.670E-01 1.056E+O0 5.778E-01 8.926E-02 0.000E+OO 0.000E+OO 1.506E-01 7.070E-01
9.000E+O1 4.989E-01 7.149E-01 1.062E+O0 5.865E-01 8.980E-02 0.000E+OO 0.000E+OO 1.550E-01 6.984E-01
9.500E+01 4.891E-01 6.628E-01 1.078E+O0 6.020E-01 8.944E-02 0.000E+OO 0.000E+OO 1.626E-01 6.795E-01
1.000E+02 4.804E-01 6.159E-01 1.087E+O0 6.126E-01 9.050E-02 0.000E+OO 0.000E+OO 1.665E-01 6.570E-01
1.1OOE+O2 4.662E-01 5.368E-01 1.1OOE+OO 6.297E-01 9.194E-02 0.000E+OO 0.000E+OO 1.744E-01 6.523E-01
1.200E+02 4.565E-01 4.678E-01 1.128E+O0 6.507E-01 9.575E-02 0.000E+OO 0.000E+OO 1.840E-01 6.234E-01
1.300E+02 4.503E-01 4.089E-01 1.157E+O0 6.785E-01 9.837E-02 0.000E+OO 0.000E+OO 1.929E-01 5.979E-01
1.400E+02 4.449E-01 3.608E-01 1.178E+O0 6.987E-01 1.015E-01 0.000E+OO 0.000E+OO 2.007E-01 5.997E-01
1.500E+02 4.416E-01 3.222E-01 1.199E+O0 7.142E-01 1.044E-01 0.000E+OO 0.000E+OO 2.041E-01 5.781E-01

15031 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

Kerma coefficients in units of f.Gy.nA2:
Energy proton deuteron triton helium3 alpha non-ret elas-rec

2.000E+O1 6.708E-01 1.709E-01 0.000E+OO 0.000E+OO 2.873E-01 2.450E-01 1.260E-01
2.200E+01 6.375E-01 1.854E-01 0.000E+OO 0.000E+OO 2.837E-01 2.311E-01 1.358E-01
2.400E+01 6.980E-01 2.270?3-01 0.000E+OO 0.000E+OO 2.919E-01 2.403E-01 1.295E-01
2.600E+01 7.651E-01 2.635E-01 0.000E+OO 0.000E+OO 2.898E-01 2.475E-01 1.224E-01
2.800E+01 8.335E-01 3.068E-01 0.000E+OO 0.000E+OO 2.826E-01 2.526E-01 1.151E-01
3.000E+O1 9.091E-01 3.473E-01 0.000E+OO 0.000E+OO 2.750E-01 2.568E-01 1.083E-01
3.500E+01 1.098E+O0 4.578E-01 0.000E+OO 0.000E+OO 2.700E-01 2.683E-01 9.385E-02
4.000E+O1 1.303E+O0 5.381E-01 0.000E+OO 0.000E+OO 2.826E-01 2.811E-01 8.208E-02

, 4.500E+01 1.502E+O0 6.328E-01 O.QOOE+OO 0.000E+OO 2.946E-01 2.929E-01 7.248E-02
5.000E+O1 1.706E+O0 7.144E-01 0.000E+OO 0.000E+OO 3.085E-01 3.033E-01 6.471E-02
5.500E+01 1.911E+O0 7.679E-01 0.000E+OO 0.000E+OO 3.271E-01 3.096E-01 5.799E-02
6.000E+O1 2.115E+O0 8.270E-01 0.000E+OO 0.000E+OO 3.432E-01 3.175E-01 5.204E-02
6.500E+01 2.309E+O0 8.847E-01 0.000E+OO 0.000E+OO 3.619E-01 3.249E-01 4.707E-02
7.000E+O1 2.504E+O0 9.189E-01 0.000E+OO 0.0003s+00 3.807E-01 3.313E-01 4.292E-02
7.500E+01 2.685E+O0 9.544E-01 0.000E+OO 0.000E+OO 4.033E-01 3.386E-01 3.895E-02
8.000E+O1 2.870E+O0 1.012E+O0 0.000E+OO 0.000E+OO 4.207E-01 3.419E-01 3.554E-02
8.500E+01 3.043E+O0 1.063E+O0 0.000E+OO 0.000E+OO 4.374E-01 3.455E-01 3.235E-02
9.000E+O1 3.216E+O0 1.114E+O0 0.000E+OO 0.000E+OO 4.526E-01 3.486E-01 2.981E-02
9.500E+01 3.387E+O0 1.114E+O0 0.000E+OO 0.000E+OO 4.778E-01 3.51OE-O1 2.737E-02
1.000E+02 3.565E+O0 1.166E+O0 0.000E+OO 0.000E+OO 4.929E-01 3.543E-01 2.522E-02
1.1OOE+O2 3.923E+O0 1.235E+O0 0.000E+OO 0.000E+OO 5.246E-01 3.611E-01 2.171E-02
1.200E+02 4.288E+O0 1.339E+O0 0.000E+OO 0.000E+OO 5.637E-01 3.699E-01 1.873E-02
1.300E+02 4.688E+O0 1.397E+O0 0.000E+OO 0.000E+OO 6.003E-01 3.860E-01 1.624E-02
1.400E+02 5.085E+O0 1.465E+O0 0.000E+OO 0.000E+OO 6.337E-01 4.096E-01 1.421E-02
1.500E+02 5.512E+O0 1.575E+O0 0.000E+OO 0.000E+OO 6.551E-01 4.285E-01 1.258E-02

TOTAL

1.500E+O0
1.474E+O0
1.587E+O0
1.688E+O0
1.791E+O0
1.896E+O0
2.188E+O0
2.487E+O0
2.795E+O0
3.096E+O0
3.373E+O0
3.655E+O0
3.928E+O0
4.178E+O0
4.420E+O0
4.680E+O0
4.921E+O0
5.160E+O0
5.357E+O0
5.603E+O0
6.065E+O0
6.579E+O0
7.088E+O0
7.607E+O0
8.183E+O0
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EVALUATION OF n i- Ca CROSS SECTIONS FOR THE ENERGY
RANGE 1.OE-11 to 150 MeV

M. B. Chadwick and P. G. Young
29 March 1997

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
neutron energy range from 1.OE-11 to 150 MeV. The discussion
here is divided into the region below and above 20 MeV.

INCIDENT NEUTRON ENERGIES < 20 MeV

Below 20 MeV the evaluation is based completely on the ENDF/B-
VI.1 (Release O) evaluation by C.Y.FU AND D.M.Hetrick (Fu91) .

INCIDENT NEUTRON ENERGIES > 20 MeV (40Ca talcs)

The ENDF/B-VI Release 3 evaluation extends to 40 MeV and
includes cross sections and energy-angle data for all
significant reactions. The present evauation utilizes a more
compact composite reaction spectrum representation above 20 MeV
in order to reduce the length of the file. No essential data for
applications is lost with this representation. Additionally, we
have modified the neutron reaction cross sections slightly to
improve agreement with data above 20 MeV.

The evaluation above 20 MeV utilizes MF=6, MT=5 to represent
all reaction data. Production cross sections and emission
spectra are given for neutrons, protons, deuterons, tritons,
alpha particles, gamma rays, and all residual nuclides produced
(A>5) in the reaction chains. To summarize, the ENDF sections
with non-zero data above En = 20 MeV are:

MF=3 MT= 1
MT= 2
MT= 3
MT= 5

MF=4 MT= 2

MF=6 MT= 5

Total Cross Section
Elastic Scattering Cross Section “
Nonelastic Cross Section
Sum of B@ary (n,n’) and (n,x) Reactions

Elastic Angular Distributions

Production Cross Sections and Enerqy-Anqle
Distributions for Emission Neutron=; Pr~tons,
Deuterons, and Alphas; and Angle-Integrated
Spectra for Gamma Rays and Residual Nuclei That
Are Stable Against Particle Emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data. We use the GNASH
code system (Y092) , which utilizes Hauser-Feshbach statistical,
preequilibrium, and direct-reaction theories. Spherical ~pti=al
model calculations are used to obtain particle transmission
coefficients for the Hauser-Feshbach calculations, as well as
for the elastic neutron angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions that exceed a cross section of
approximately1 nb at any energy.The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .



A model was developed to calculate the energy distributions of
all recoil nuclei in the GNASH calculations (Ch96a) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. All
other data in MT=5,MF=6 are given in the center-of-mass system.
This method of representation utilizes the LCT=3 option approved
at the November, 1996, CSEWG meeting. .

The starting point for this evaluation was the previous
Livermore (1.995) evaluation by Chadwick and Young for neutrons up
‘to 100 MeV [Ch95], and protons up to 250 MeV [Ch96bl . The main
additions in the current work were: (1) Extension of the neutron
calculations to higher energies; (2) Inclusion of direct inelastic
scattering to low-lying collective states using ECIS; (3)
inclusion of a renormalization of the calculated results to
circumvent a numerical inaccuracy at higher incident energies
(>150 MeV) which ensure the individual reactions sum to the
evaluated nonelastic cross section; (4) inclusion of A>4 nuclide
production and nuclide energy spectra; (5) inclusion of triton
emission; and (6) utilization of ENDF-6 format.

The neutron total cross section was evaluated from available
experimental data. The evaluation was based primarily on Finlay’s
1993 high-accuracy measurements [Fi93] .

The optical potential of Islam [IS88] specially developed for
n+Ca elastic scattering, was used for 20-60 MeV neutrons, and
above this energy the Madland global potential was used [Ma88] .
The Wilmore-Hodgson potential was used below 20 MeV [Wi64] . For
incident protons, the Islam neutron potential was modified to
account for proton scattering from 20 to 60 MeV, and again the
Madland global potential was used at higher energies. The
Becchetti-Greenlees potential was used for protons below 20 MeV
[Be69] . For deuterons, tritons and alphas the method of Watanabe,
which uses a modified Perey potential [Pe63] , was applied at all
energies [Ma88] .

Direct inelastic scattering to the low-lying collective states
was calculated with the ECIS code. Deformation lengths were taken
from the works of Alarcon and Rapaport [8] and Honore et al.
[H086], giving: 3- (Ex= 3.736 MeV, delta=l.340), 2+ (Ex=3.904,
delta=O.360) , and 5- (Ex=4.492, delta=O.930) .

While the above optical potentials did describe the experimental
neutron and proton nonelastic cross section data fairly well, we
modified these theoretical predictions slightly to better agree
with the measurements, and renormalized the transmission
coefficients accordingly. The calculated neutron elastic
scattering distributions agree well with experimental data.

Nuclear level densities were taken from the Ignatyuk model
[Ig75], which includes a washing out of shell effects with
increasing excitation energy, and gamma-ray strength functions
were obtained from the model of Kopecky and Uhl [K090] .
The existing ENDF/B-VI evaluation below 20 MeV was performed at

Oak Ridge, for natural Calcium. Since 40Ca makes up
approximately 97% of natural calcium, we have combined the
natural evaluation below 20 MeV with our new 40Ca evaluation
above 20 MeV. The combined evaluation up to 150 MeV can be
treated as a natural evaluation to a good approximation. Using
our 40Ca for natural Ca above 20 MeV is a very good
approximation for transport and heating applications; although
our evaluation above 20 MeV does omit the production of
radionuclides with A>40 (the practical consequences of this are
expected to be small) .



**************** **************** **************** ****************

REFERENCES

[A187] . R. Alarcon~and J. Rapaport, Nucl . Phys. A462 (1987) 445

[Be69] . F.D. Becchetti, Jr., and G.W. Greenlees, Phys. Rev.
182, 1190 (1969).

[Ch95] . M.B. Chadwick, “Evaluated cross section libraries and
kerma factors for neutrons up to 100 MeV on 40Ca and 31P’ ‘,
Lawrence Livermore National Laboratory report UCRL-ID-122753
(1995) .

[Ch96a] . M. B. Chadwick, P. G. Young, R. E. MacFarlane, and A.
J. Koning, llHigh_Energy Nuclear Data Libraries for Accelerator-

Driven Technologies: Calculational Method for Heavy Recoils, ”
Proc. of 2nd Int. Conf. on Accelerator Driven Transmutation
Technology and Applications, Kalmar, Sweden, 3-7 June 1996.

[Ch96b]. M.B. Chadwick and P.G. Young, “Proton nuclear
interactions with 12C, 14N, 160, 31P, 40Ca for radiotherapy
applications : evaluated data libraries up to 250 MeV’ ‘, Los Alamos
National Laboratory report LA-UR-96-0498.

[Ch97] . M. B. Chadwick and P. G. Young, IIGNASH Calculations Of
n,p + 40Ca and Benchmarking of Results” in APT PROGRESS REPORT:
1 February - 1 March 1997, internal Los Alamos National
Laboratory memo T-2-97/M-10, 7 Mar. 1997
L. Waters.

[Fi93] . R. W. Finley, W. P. Abfalterer,
Adami, P. W. Lisowski, G. L. Morgan, and
Rev. c 47, 237 (1993).

from R.E. MacFarlane to

G. Fink, E. Montei, T.
R. C. Haight, Phys.

[Fu91] . C. Y. Fu and D. M. Hetrick, Evaluation of
sections of Ca for Release O of ENDF/B-VI, 1991.

[H086] . G.M. Honore et al., Phys. Rev. C33, 1129

neutron cross

1986) .

[Ig75] . A. V. Ignatyuk, G. N. Smirenkin, and A. S. Tishin,
“Phenomenological Description of the Energy Dependence of the
Level Density Parameter, ” Sov. J. Nucl. Phys. 21, 255 (1975) .

[1s88]. M.S. Islam, R.W. Finlay, J.S. Petler, J. Rapaport, R.
Alarcon, and J. Wierzbicki, Phys. Med. Biol. 33, 315 (1988) .

[Ka881 . C. Kalbach, “Systematic of Continuum Angular
Distributions : Extensions to Higher Energies, ” Phys.Rev.C 37,
2350 (1988); see also C. Kalbach and F. M. Mann, “Phenomenology
of Continuum Angular Distributions. I. Systematic
Parametrization,” Phys.Rev.C 23, 112 (1981) .

[K090] . J. Kopecky and M. Uhl, “Test of Gamma-Ray
Functions in Nuclear Reaction Model Calculations, ”
42, 1941 (1990).

and

Strength
Phys.Rev.C

[Ma88]. D.G. Madland, “RecentResults in the Developmentof a
Global Medium-Energy Nucleon-Nucleus Optical-Model Potential, ”
Proc. OECD/NEANDC Specialist’s Mtg. on Preequilibrium Nuclear



Reactions, Semmering, Austria, 10-12 Feb. 1988, NEANDC-245 ‘U’
(1988) .

[Pe63] . C. M. Perey and F. G. Perey, Phys. Rev. 132, 755 (1963) .

[Wi64] . D. Wilmore and P.E. Hodgson, Nucl. Phys. 55, 673 (1964) .

[Y092] . P. G. Young, E. D. Arthur, and M. B. Chadwick,
l~comprehensive Nuclear Model Calculations: Introduction to ‘he

Theory and Use of the GNASH Code,” LA-12343-MS (1992) .



nca.la150 .out.xsinfo Thu May 21 11:46:48 1998 1

20000 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

Nonelastic, elastic, and Production cross sections for A<5 ejectiles in barns:
Energy nonelas elastic neutron proton deuteron triton helium3 alpha gamma

2.000E+O1 1.162E+O0 9.540E-01 8.871E-01 9.586E-01 4.428E-02 4.781E-04 0.000E+OO 2.140E-01”1.355E+O0
2.200E+01 1.148E+O0 9.677E-01 8.982E-01 9.931E-01 5.158E-02 9.757E-04 0.000E+OO 2.132E-01 1.416E+O0
2.400E+01 1.131E+O0 9.972E-01 8.979E-01 1.052E+O0 5.787E-02 1.564E-03 0.000E+OO 2.223E-01 1.423E+O0
2.600E+01 1.112E+O0 1.041E+O0 9.041E-01 1.090E+O0 6.338E-02 2.200E-03 0.000E+OO 2.277E-01 1.434E+O0
2.800E+01 1.094E+O0 1.089E+O0 9.170E-01 1.115E+O0 6.861E-02 2.804E-03 0.000E+OO 2.308E-01 1.451E+O0
3.000E+O1 1.075E+O0 1.133E+O0 9.298E-01 1.128E+O0 7.270E-02 3.371E-03 0.000E+OO 2.315E-01 1.451E+O0
3;;OOE+01 1:019E+O0 1.227E+O0 9.479E-01 1.146E+o0 7.723E-02 4
4.000E+O1 9.530E-01 1.323E+O0 9.658E-01 1.148E+O0 7.622E-02 5
4.500E+01 8.995E-01 1.363E+O0 9.941E-01 1.170E+O0 7.596E-02 5
5.000E+O1 8.490E-01 1.363E+O0 1.O1lE+OO 1.181E+O0 7.453E-02 5
5.500E+01 8.000E-01 1.340E+O0 1.024E+O0 1.196E+O0 7.233E-02 6
6.000E+O1 7.520E-01 1.312E+O0 1.037E+O0 1.208E+O0 6.874E-02 6
6.500E+01 7.043E-01 1.289E+O0 1.035E+O0 1.198E+O0 6.694E-02 7
7.000E+O1 6.680E-01 1.248E+O0 1.034E+O0 1.184E+O0 6.557E-02 7

493E-03
164E-03
652E-03
984E-03
307E-03
714E-03
018E-03
359E-03

0.000E+OO 2.269E-01
0.000E+OO 2.233E-01
0.000E+OO 2.168E-01
0.000E+OO 2.174E-01
0.000E+OO 2.200E-01
0.000E+OO 2.242E-01
0.000E+OO 2.196E-01
0.000E+OO 2.206E-01

1.446E+O0
1.332E+O0
1.220E+O0
1.146E+O0
1.077?3+00
1.017E+O0
9.567E-01
8.826E-01

7.500E+01 6.483E-01 1.177E+O0 1.066E+O0 1.216E+O0 6.613E-02 8.00IE-03 0.000E+OO 2.252E-01 8.560E-01
8.000E+O1 6.340E-01 1.099E+O0 1.098E+O0 1.246E+O0 6.583E-02 8.573E-03 0.000E+OO 2.304E-01 8.365E-01
8.500E+01 6.198E-01 1.036E+O0 1.127E+O0 1.269E+O0 6.667E-02 9.193E-03 0.000E+OO 2.327E-01 8.192E-01
9.000E+O1 6.060E-01 9.750E-01 1.148E+O0 1.282E+O0 6.729E-02 9.845E-03 0.000E+OO 2.332E-01 8.056E-01
9.500E+01 5.930E-01 9.030E-01 1.174E+O0 1.302E+O0 6.854E-02 1.076E-02 0.000E+OO 2.350E-01 7.977E-01
1.000E+02 5.820E-01 8.430E-01 1.195E+O0 1.314E+O0 6.935E-02 1.152E-02 0.000E+OO 2.352E-01 7.862E-01
1.1OOE+O2 5.669E-01 7.431E-01 1.242E+O0 1.350E+O0 7.123E-02 1.325E-02 0.000E+OO 2.417E-01 7.495E-01
1.200E+02 5.570E-01 6.470E-01 1.297E+O0 1.402E+O0 7.292E-02 1.544E-02 0.000E+OO 2.486E-01 7.320E-01
1.300E+02 5.487E-01 5.703E-01 1.344E+O0 1.439E+O0 7.555E-02 1.759E-02 0.000E+OO 2.523E-01 7.244E-01
1.400E+02 5.420E-01 5.11OE-O1 1.392E+O0 1.477E+O0 7.840E-02 2.004E-02 0.000E+OO 2.564E-01 7.233E-01
1.500E+02 5.372E-01 4.628E-01 1.425E+O0 1.504E+O0 7.946E-02 2.199E-02 0.000E+OO 2.603E-01 6.994E-01

20000 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

Kerma coefficients in units of f.Gy.m’2:
Energy proton deuteron triton heliud alpha non-ret elas-rec TOTAL

2.000E+O1 1.163E+O0 9.359E-02 5.499E-04 0.000E+OO 4.235E-01 1.996E-01 5.635E-02 1.936E+O0
2.200E+01 1.251E+O0 1.227E-01 1.307E-03 0.000E+OO 4.299E-01 2.101E-O1 4.706E-02 2.062E+O0
2.400E+01 1.376E+O0 1.521E-01 2.405E-03 0.000E+OO 4.531E-01 2.216E-01 4.631E-02 2.251E+O0
2.600E+01 1.47513+00 1.817E-01 3.833E-03 0.000E+OO 4.698E-01 2.305E-01 4.585E-02 2.407E+O0
2.800E+01 1.573E+O0 2.142E-01 5.460E-03 0.000E+OO 4.841E-01 2.373E-01 4.543E-02 2.559E+O0
3.000E+O1 1.678E+O0 2.461E-01 7.234E-03 0.000E+OO 4.925E-01 2.436E-01 4.480E-02 2.712E+O0
3.500E+01 1.914E+O0 3.125E-01 1.178E-02 0.000E+OO 4.990E-01 2.572E-01 4.309E-02 3.038E+O0
4.000E+O1 2.114E+O0 3.584E-01 1.576E-02 0.000E+OO 5.024E-01 2.623E-01 4.229E-02 3.295E+O0
4.500E+01 2.331E+O0 4.104E-O1 1.9681S-02 0.000E+OO 5.003E-01 2.674E-01 4.056E-02 3.569E+O0
5.000E+O1 2.519E+O0 4.505E-01 2.321E-02 0.000E+OO 5.120E-01 2.714E-01 3.844E-02 3.814E+O0
5.500E+01 2.690E+O0 4.778E-01 2.637E-02 0.000E+OO 5.265E-01 2.742E-01 3.640E-02 4.031E+O0
6.000E+O1 2.830E+O0 4.756E-01 2.907E-02 0.000E+OO 5.422E-01 2.754E-01 3.476E-02 4.187E+O0
6.500E+01 2.936E+O0 4.943E-01 3.166E-02 0.000E+OO 5.406E-01 2.726E-01 3.305E-02 4.309E+O0
7.000E+O1 3.053E+O0 5.lllE-01 3.424E-02 0.000E+OO 5.495E-01 2.719E-01 3.093E-02 4.451E+O0
7.500E+01 3.244E+O0 5.334E-01 3.701E-02 0.000E+OO 5.669E-01 2.772E-01 2.837E-02 4.687E+O0
8.000E+O1 3.454E+O0 5.427E-01 3.972E-02 0.000E+OO 5.848E-01 2.819E-01 2.593E-02 4.929E+O0
8.500E+01 3.655E+O0 5.691E-01 4.238E-02 0.000E+OO 5.997E-01 2.850E-01 2.402E-02 5.175E+O0
9.000E+O1 3.840E+O0 5.921E-01 4.485E-02 0.000E+OO 6.079E-01 2.874E-01 2.227E-02 5.394E+O0
9.500E+01 4.027E+O0 6.115E-01 4.780E-02 0.000E+OO 6.221E-01 2.909E-01 2.039E-02 5.620E+O0
1.000E+02 4.206E+O0 6.323E-01 5.050E-02 0.000E+OO 6.314E-01 2.926E-01 1.884E-02 5.831E+O0
1.1OOE+O2 4.612E+O0 6.664E-01 5.607E-02 0.000E+OO 6.602E-01 2.990E-01 1.636E-02 6.31OE+OO
1.200E+02 5.056E+O0 6.627E-01 6.253E-02 0.000E+OO 6.912E-01 3.061E-01 1.408E-02 6.793E+O0
1.300E+02 5.490E+O0 6.860E-01 6.870E-02 0.000E+OO 7.163E-01 3.213E-01 1.2303+02 7.295E+O0
1.400E+02 5.922E+O0 6.969E-01 7.542E-02 0.000E+OO 7.434E-01 3.380E-01 1.092E-02 7.786E+O0
1.500E+02 6.378E+O0 6.856E-01 8.122E-02 0.000E+OO 7.654E-01 3.508E-01 9.812E-03 8.271E+O0
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EVALUATION OF n + 50Cr CROSS SECTIONS FOR THE ENERGY
RANGE 1.OE-11 to 150 MeV

S. Chiba, M. B. Chadwick, and P. G. Young
22 Oct. 1997

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
neutron energy range from 1.OE-11 to 150 MeV. The discussion
here is divided into the region below and above 20 MeV.

INCIDENT NEUTRON ENERGIES c 20 MeV

Below 20 MeV the evaluation is based completely on the ENDF/B-
VI.5 (Release 2) evaluation by D. Hetrick, D. Larson, N. Larson,
and C. Y. Fu.

INCIDENT NEUTRON ENERGIES > 20 MeV

The ENDF/B-VI Release 2 evaluation extends to 20 MeV and
includes cross sections and energy-angle data for all
significant reactions. The present evaluation utilizes a more
compact composite reaction spectrum representation above 20 MeV
in order to reduce the length of the file. No essential data for
applications is lost with this representation.

The evaluation above 20 MeV utilizes MF=6, MT=5 to represent
all reaction data. Production cross sections and emission
spectra are given for neutrons, protons, deuterons, tritons,
alpha particles, gamma rays, and all residual nuclides produced
(AsS) in the reaction chains. To summarize, the ENDF sections
with non-zero data above En = 20 MeV are:

MF=3 MT= 1 Total Cross Section
MT= 2 Elastic Scattering Cross Section
MT= 3 Nonelastic Cross Section
MT= 5 Sum of Binary (n,n’) and (n,x) Reactions

MF=4 MT= 2 Elastic Angular Distributions

MF=6 MT= 5 Production Cross Sections and Energy-Angle
Distributions for Emission Neutrons, Protons,
Deuterons, Tritons, and Alphas; and Angle-
Integrated Spectra for Gamma Rays and Residual
Nuclei That Are Stable Against Particle Emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
Cr52 and p + Cr52 reactions (Ch97) . We use the GNASH code system
(Y092) , which utilizes Hauser-Feshbach statistical,

~~acti~n theories.. Spherical opticalpreequilibrium= and. direct---
model calculations are used to obtain particle transmission
coefficients for the Hauser-Feshbach calculations, as well as
for the elastic neutron angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions. The energy-angle-correlations

for all outgoing particles are based on Kalbach systematic
(Ka88) .
A model was developed to calculate the energy distributions of



all recoil nuclei in the GNASH calculations (Ch96) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF.6, and are given as isotropic in the lab system. All
other data in MT=5,MF=6 are given in the center-of-mass system.
This method of representation utilizes the LCT=3 option approved
at the November, 1996, CSEWG meeting.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85) , validated by comparison with calculations using Feshbach,
Ke rman, Koonin (FKK) theory [Ch931 . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyuk et al. (Ig75) and pairing and
shell parameters from the Cook (C067) analysis. Neutron and
charged- particle transmission coefficients were obtained from
the optical potentials, as discussed below. Gamma-ray
transmission coefficients were calculated using the Kopecky-Uhl
model (K090) .

SOME Cr-SPECIFIC INFORMATION CONCERNING THE EVAL.

The neutron total cross section was evaluated at energy grid
points by using the least-squares code GMA (P081) taking account
of the new data measured by Dietrich et al. for natural Cr(Di97) .
The results were transformed to the Cr-50 cross section according
to the A*(2/3) law, i.e., by multiplying by a factor of 0.973515.

The neutron optical model potential derived for n + Cr-52 was
used for calculation of DWBA cross sections.

The transmission coefficients calculated for the n + Cr-52
evaluation were employed for all the n + Cr-50 evaluation
channels, by multiplying by a factor of 0.974192, i.e., a ratio of
A**(2/3) between C--.5O and &_52.

The Cr-52 transmission coefficients were calculated by using the
following

For the
Cr-52, as
used.

For the

potentials:

neutron channel, the newly-searched potential for n +
described in File 1 of the n + Cr-52 evaluation, was

proton channel, a combination of 2 potentials was used :

below 40 MeV : Becchetti-Greenlees (Be69)
above 40 MeV : Madland medium energy potential (Ma88)

The proton reaction cross section and transmission coefficients
below 40 MeV were multiplied by a factor of 0.845 to make the
agreement with the measured proton reaction cross section (Ca96)
better, and also to make the connection to higher energy values
smoothly.

For deuterons, the Lohr-Haeberli (L074) global potential was
used; for alpha particles the McFadden-Satchler (Mc66) potential
was used; and for tritons the Becchetti-Greenlees (Be71) potential
was used. The He-3 channel was ignored.

The direct collective inelastic scattering to the following
levels in Cr-50 was considered by the DWBA-mode calculation of
ECIS95 (Ra96) :



Jpi Ex(MeV) Deformation length
2+ 0.786 1.063
2+ 2.922 “0.479
2+ 3.156 0.591
4+ 3.317 0.4
4+ 3.621 0.565
4+ 3.692 0.447
4+ 3.898 0.214
3- 4.045 0.692
2+ 4.188 0.648
5- 4.363 0.565
3- 4.543 0.223
2+ 4.676 0.316
2+ 4.772 0.316
4+ 4.924 0.4
4+ 5.233 0.469
3- 6.45 0.264
3- 6.65 0.360
3- 6.79 0.244
3- 7.86 0.2

These data were retrieved from the literature (Bu95) .

**************** **************** **************** ****************
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24050 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

Nonelastic, elastic, and Production cross sections for A<5 ejectiles in barns:
Energy nonelas elastic neutron proton deuteron triton helium3 alpha galmna

2.000E+O1 1.246E+O0 8.926E-01 1.204E+O0 7.738E-01 3.252E-02 6.981E-04 0.000E+OO 5.324E-02 2.582E+O0
2.200E+01 1.218E+O0 9.109E-O1 1.202E+O0 7.755E-01 3.908E-02 1.195E-03 0.000E+OO 5.729E-02 2.672E+O0
2.400E+01 1.191E+O0 9.659E-01 1.193E+O0 8.067E-01 4.496E-02 1.747E-03 0.000E+OO 6.130E-02 2.660E+O0
2.600E+01 1.163E+O0 1.015E++O0 1.201E+O0 8.370E-01 5.044E-02 2.270E-03 0.000E+OO 6.368E-02 2.S58E+O0
2.800E+01 1.135E+O0 1.080E+O0 1.220E+O0 8.591E-01 5.562E-02 2.826E-03 0.000E+OO 6.351E-02 2.457E+O0
3.000E+O1 1.108E+OO 1.140E+O0 1.240E+O0 8.8763+01 6.031E-02 3.363E-03 0.000E+OO 6.279E-02 2.405E+O0
3.500E+01 1.056E+O0 1.279E+O0 1.285E+O0 9.595E-01 6.616E-02 4.461E-03 0.000E+OO 6.235E-02 2.271E+O0
4.000E+O1 1.014E+O0 1.380E+O0 1.322E+O0 1.004E+O0 6.997E-02 5.188E-03 0.000E+OO 6.507E-02 2.192E+O0
4.500E+01 9.765E-01 1.439E+O0 1.375E+O0 1.036E+O0 7.288E-02 5.658E-03 0.000E+OO 7.026E-02 2.057E+O0
5.000E+O1 9.435E-01 1.461E+O0 1.421E+O0 1.075E+O0 7.398E-02 5.983E-03 0.000E+OO 7.776E-02 1.985E+O0
5.500E+01 9.140E-01 1.454E+O0 1.480E+O0 1.127E+O0 7.420E-02 6.355E-03 0.000E+OO 8.980E-02 1.921E+O0
6.000E+O1 8.874E-01 1.424E+O0 1.542E+O0 1.181E+O0 7.306E-02 6.809E-03 0.000E+OO 1.020E-01 1.859E+O0
6.500E+01 8.637E-01 1.376E+O0 1.590E+O0 1.224E+O0 7.289E-02 7.276E-03 0.000E+OO 1.130E-01 1.787E+O0
7.000E+O1 8.426E-01 1.317E+O0 1.623E+O0 1.250E+O0 7.448E-02 7.782E-03 0.000E+OO 1.222E-01 1.684E+O0
7.500E+01 8.239E-01 1.257E+O0 1.673E+O0 1.285E+O0 7.393E-02 8.519E-03 0.000E+OO 1.342E-01 1.629E+O0
8.000E+O1 8.075E-01 1.188E+O0 1.714E+O0 1.312E+O0 7.487E-02 9.222E-03 0.000E+OO 1.434E-01 1.587E+O0
8.500E+01 7.931E-01 1.115E+O0 1.755E+O0 1.346E+O0 7.540E-02 1.003E-02 0.000E+OO 1.530E-01 1.496E+O0
9.000E+O1 7.805E-01 1.049E+O0 1.797E+O0 1.375E+O0 7.704E-02 1.108E-O2 0.000E+OO 1.632E-01 1.471E+O0
9.500E+01 7.696E-01 9.763E-01 1.833E+O0 1.395E+O0 7.853E-02 1.207E-02 0.000E+OO 1.715E-01 1.447E+O0
1.000E+02 7.601E-01 9.143E-01 1.867E+O0 1.420E+O0 8.012E-02 1.314E-02 0.000E+OO 1.787E-01 1.425E+O0
1.1OOE+O2 7.45.OE-01 7.931E-01 1.936E+O0 1.471E+O0 8.313E-02 1.570E-02 0.000E+OO 1.939E-01 1.392E+O0
1.200E+02 7.338E-01 6.863E-01 1.990E+O0 1.509E+O0 8.681E-02 1.835E-02 0.000E+OO 2.066E-01 1.367E+O0
1.300E+02 7.260E-01 5.936E-01 2.041E+O0 1.553E+O0 8.971E-02 2.099E-02 0.000E+OO 2.165E-01 1.328E+O0
1.400E+02 7.207E-01 5.196E-01 2.088E+O0 1.600E+O0 9.327E-02 2.370E-02 0.000E+OO 2.251E-01 1.278E+O0
1.500E+02 7.183E-01 4.534E-01 2.138E+O0 1.645E+O0 9.788E-02 2.682E-02 0.000E+OO 2.326E-01 1.261E+O0

24050 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A.

Kerma coefficients in units of f.Gy.mA2:
Energy proton deutaron triton helium3 alpha non-ret elas-rec

2.000E+O1 8.542E-01 5.344E-02 6.475E-04 0.000E+OO 9.895E-02 1.209E-01 2.792E-02
2.200E+01 9.055E-01 7.327E-02 1.324E-03 0.000E+OO 1.094E-01 1.277E-01 2.937E-02
2.400E+01 9.696E-01 9.436E-02 2.239E-03 0.000E+OO 1.201E-01 1.339E-01 3.095E-02
2.600E+01 1.029E+O0 1.168E-01 3.270E-03 0.000E+OO 1.285E-01 1.384E-01 3.157E-02
2.800E+01 1.093E+O0 1.408E-01 4.556E-03 0.000E+OO 1.322E-01 1.419E-01 3.219E-02
3.000E+O1 1.168E+O0 1.662E-01 5.982E-03 0.000E+OO 1.350E-01 1.441E-01 3.241E-02
3.500E+01 1.375E+O0 2.175E-01 9.693E-03 0.000E+OO 1.418E-01 1.537E-01 3.219E-02
4.000E+O1 1.595E+O0 2.723E-01 1.329E-02 0.000E+OO 1.525E-01 1.612E-01 3.099E-02
4.!300E+01 1.793E+O0 3.290E-01 1.659E-02 0.000E+OO 1.666E-01 1.686E-01 2.928E-02
5.000E+O1 1.998E+O0 3.764E-01 1.952E-02 0.000E+OO 1.844E-01 1.763E-01 2.730E-02
5.500E+01 2.203E+O0 4.151E-01 2.219E-02 0.000E+OO 2.097E-01 1.841E-01 2.524E-02
6.000E+O1 2.401E+O0 4.356E-01 2.467E-02 0.000E+OO 2.358E-01 1.916E-01 2.319E-02
6.500E+01 2.603E+O0 4.626E-01 2.71OE-O2 0.000E+OO 2.602E-01 1.960E-01 2.118E-02
7.000E+O1 2.788E+O0 5.067E-01 2.932!2-02 0.000E+OO 2.815E-01 2.032E-01 1.928E-02
7.500E+01 2.983E+O0 5.196E-01 3.170E-02 0.000E+OO 3.083E-01 2.065E-01 1.760E-02
8.000E+O1 3.174E+O0 5.508E-01 3.394E-02 0.000E+OO 3.307E-01 2.106E-O1 1.597E-02
8.500E+01 3.376E+O0 5.732E-01 3.621E-02 0.000E+OO 3.537E-01 2.148E-01 1.446E-02
9.000E+O1 3.569E+O0 6.044E-01 3.863E-02 0.000E+OO 3.781E-01 2.195E-01 1.316E-02
9.500E+01 3.762E+O0 6.366E-01 4.097E-02 0.000E+OO 3.994E-01 2.229E-01 1.190E-02
1.0005+02 3.963E+O0 6.684E-01 4.327E-02 0.000E+OO 4.187E-01 2.260E-01 1.086E-02
1.1OOE+O2 4.375E+O0 7.158E-01 4.820E-02 0.000E+OO 4.596E-01 2.312E-01 9.O1OE-O3
1.200E+02 4.798E+O0 7.755E-01 5.262E-02 0.000E+OO 4.962E-01 2.340E-01 7.528E-03
1.300E+02 5.233E+O0 8.179E-01 5.620E-02 0.000E+OO 5.283E-01 2.416E-01 6.338E-03
1.400E+02 5.686E+O0 8.712E-01 5.936E-02 0.000E+OO 5.575E-01 2.513E-01 5.437E-03
1.500E+02 6.148E+O0 9.332E-01 6.311E-02 0.000E+OO 5.856E-01 2.600E-01 4.679E-03

TOTAL

1.156E+O0
1.247E+O0
1.351E+O0
1.448E+O0
1.545E+O0
1.651E+O0
1.930E+O0
2.225E+O0
2.504E+O0
2.782E+O0
3.059E+O0
3.312E+O0
3.570E+O0
3.828E+O0
4.067E+O0
4.316E+O0
4.568E+O0
4.823E+O0
5.074E+O0
5.331E+O0
5.839E+O0
6.364E+O0
6.883E+O0
7.431E+O0
7.995E+O0
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EVALUATION OF n + 52Cr CROSS SECTIONS FOR THE ENERGY
RANGE 1.OE-11 to 150 MeV

S. Chiba, M. B. Chadwick, and P. G. Young
22 Oct. 1997

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
neutron energy range from 1.OE-11 to 150 MeV. The discussion
here is divided into the region below and above 20 MeV.

INCIDENT NEUTRON ENERGIES < 20 MeV

Below 20 MeV the evaluation is based completely on the ENDF/B-
VI (Revision 1) evaluation by D. Hetrick, D. Larson, N. Larson,
and C. Y. Fu.

INCIDENT NEUTRON ENERGIES > 20 MeV

The ENDF/B-VI Release 2 evaluation extends to 20 MeV and
includes cross sections and energy-angle data for all
significant reactions. The present evaluation utilizes a more
compact composite reaction spectrum representation above 20 MeV
in order to reduce the length of the file. No essential data for
applications is lost with this representation.

The evaluation above 20 MeV utilizes MF=6, MT=5 to represent
all reaction data. Production cross sections and emission
spectra are given for neutrons, protons, deuterons, tritons,
alpha particles, gamma rays, and all residual nuclides produced
(AsS) in the reaction chains. To summarize, the ENDF sections
W-LL1l J.LULL-L.C.LU

MF=3 MT= 1
MT= 2

8 MT= 3
MT= 5

MF=4 MT= 2

MF=6 MT= 5

,..+ +-L =--.-,--W= data above En = 20 MeV are:

Total Cross Section
Elastic Scattering Cross Section
Nonelastic Cross Section
Sum of Binary (n,n’) and (n,x) Reactions

Elastic Angular Distributions

Production Cross Sections and Energy-Angle
Distributions for Emission Neutrons, Protons,
Deuterons, Tritons, and Alphas; and Angle-
Integrated Spectra for Gamma Rays and Residual
Nuclei That Are Stable Against Particle Emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n -I-
Cr52 and p + Cr52 reactions (Ch97) . We use the GNASH code system
(Y092) , which utilizes Hauser-Feshbach statistical,
preequilibrium and direct-reaction theories. Spherical optical
model calculations are used to obtain ~article transmission.
coefficients for the Hauser-Feshbach calculations, as well as
for the elastic neutron angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A model was developed to calculate the energy distributions of



all recoil nuclei in the GNASH calculations (Ch96) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF.6, and are given as isotropic in the lab system, All
other data in MT=5,MF=6 are given in the center-of-mass system.
This method of representation utilizes the LCT=3 option approved
at the November, 1996, CSEWG meeting.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85) , validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyuk et al. (Ig75) and pairing and
shell parameters from the Cook (C067) analysis. Neutron and
charged- particle transmission coefficients were obtained from
the optical potentials, as discussed below. Gamma-ray
transmission coefficients were calculated using the Kopecky-Uhl
model (K090) .

SOME Cr-SPECIFIC INFORMATION CONCERNING THE EVAL.
The neutron total cross section was evaluated at grid energy

points by using the least-squares code GMA (P081) taking
account of the new data measured by Dietrich et al. for
natural Cr(Di97) . The results were transformed to the Cr-52
cross section according to A*(2/3) law, i.e., by multiplying a
factor of 0.999305.

The evaluated total cross section data (present result from 20
to 250 MeV, and ENDF/B-VI value below 20 MeV), s-wave
strength function(Mu81) , and elastic scattering angular
distribution data (Ki74, 0187) were used to obtain the neutron
optical potential parameters. The parameter estimation was
carried out based on Bayesian-approach (Sm91) , where ECIS95
code was used for the optical model calculation. We have
employed the energy dependence of the optical potential
similar to Delaroche’s work(De89) . Total of 18 parameters
concerning the central potential were estimated.
Presently obtained potential was used for the
calculation of neutron transmission coefficients and DWBA cross
sections in the entire energy region.

For proton channel, a combination of 2 potentials were
used :
below 40 MeV : Becchetti-Greenlees
above 40 MeV : Madland medium energy potential

The proton reaction cross section and transmission coefficients
below 40 MeV were multiplied by a factor of 0.845 to make the
agreement with the measured proton reaction cross section
(Ca96) better, and also to make the connection to higher energy
values smoothly.
For”deuterons, the Lohr-Haeberli giobal potential was used; for
aipna particies t-he Moyen potentiai- (MacFadden-S-atchi-erj was
used; and for tritons the Becchetti-Greenlees potential was used.
The He-3 channelwas ignored.
The direct collective inelastic scattering to the following
levels in Cr-52 was considered by the DWBA-mode calculation
of ECIS95:

Jpi Ex(MeV) Deformationlength
2+ 1.434 0.87
4+ 2.369 0.33



O+ 2.647
4+ 2.768
2+ 2.965
6+ 3.114
2+ 3.162
4+ 3.415
2+ 3.772
4+ 4.040
3- 4.563
4+ 4.630
O+ 4.738
4+ 4.951
4+ 5.095
4+ 5.425
4-f-5.541
2+ 5.661
3- 5.873
3- 5.996
2+ 6.055
2+ 6.143
2-I-6.175
2+ 6.493
3- 6.580
3- 6.786
2+ 6.810
5- 6.871
3- 6.993
3- 7.080
4+ 7.140
2+ 7.217
4-t-7.278
2+ 7.344
5- 7.376
3- 7.409
3- 7.482
3- 7.585
3- 7.738
3- 7.823
4+ 7.848
4+ 7.893
3- 7.967
2+ 8.022
3- 8.089
3- 8.281
3- 8.457
3- 8.505
3- 8.679
3- 8.782
3- 8.778
3- 9.440

0.095
0.30
0.08
0.35
0.27
0.13
0.28
0.16
0.61
0.36
0.145
0.20
0.15
0.32
0.074
0.095
0.082
0.087
0.13
0.07
0.21
0.21
0.34
0.26
0.22
0.16
0.18
0.34
0.14
0.10
0.13
0.074
0.11
0.091
0.13
0.074
0.26
0.12
0.11
0.12
0.095
0.10
0.091
0.15
0.13
0.10
0.10
0.10
0.13
0.095

These data were retrieved from the literature (Ju94) .

**************** **************** **************** ****************
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ncr52.la150 .out.xsinfo Thu May 21 16:43:05 1998

24052 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJT3CTILE 1000z+A

Nonelastic, elastic, and Production cross sections for A<5 ejectiles in barns:
Energy nonelas elastic neutron proton deuterm triton helium3 alpha gasssa

2.000E+O1 1.279E+O0 9.163E-01” 1.835E+O0 2.751E-01 2.588E-02 4.586E-04 0.000E+OO 2.480E-02 2.315E+O0
2.200E+01 1.250E+O0 9.350E-01 1.798E+O0 2.901E-01 3.265E-02 8.735E-04 0.000E+OO 3.146E-02 2.470E+O0
2.400E+01 1.222E+O0 9.915E-01 1.754E+O0 3.174E-01 3.775E-02 1.353E-03 0.000E+OO 3.679E-02 2.587E+O0
2.600E+01 1.194E+O0 1.042E+O0 1.752E+O0 3.553E-01 4.347E-02 1.890E-03 0.000E+OO 3.968E-02 2.527E+O0
2.800E+01 1.165E+O0 1.109E+OO 1.782E+O0 3.967E-01 4.847E-02 2.382E-03 0.000E+OO 4.025E-02 2.412E+O0
3.000E+O1 1.138E+O0 1.171E+O0 1.809E+O0 4.328E-01 5.292E-02 2.905E-03 0.000E+OO 3.971E-02 2.306E+O0
3.500E+01 1.084E+O0 1.312E+O0 1.886E+O0 4.846E-01 5.915E-02 4.013E-03 0.000E+OO 3.980E-02 2.21OE+OO
4.000E+O1 1.041E+O0 1.416E+O0 1.920E+O0 5.247E-01 6.365E-02 4.764E-03 0.000E+OO 4.233E-02 2.159E+O0
4.500E+01 1.002E+O0 1.477E+O0 1.929E+O0 5.794E-01 6.665E-02 5.287E-03 0.000E+OO 4.508E-02 2.089E+O0
.5.000E+O1 9.685E-01 1.499E+O0 1.959E+O0 6.318E-01 6.761E-02 5.722E-03 0.000E+OO 4.91OE-O2 1.990E+O0
5.500E+01 9.382E-01 1.492E+O0 2.000E+OO 6.703E-01 6.867E-02 6.081E-03 0.000E+OO 5.383E-02 1.947E+O0
6.000E+O1 9.11OE-O1 1.462E+O0 2.036E+O0 7.069E-01 6.787E-02 6.446E-03 0.000E+OO 5.880E-02 1.902E+O0
6.500E+01 8.866E-01 1.413E+O0 2.075E+O0 7.436E-01 6.773E-02 6.934E-03 0.000E+OO 6.532E-02 1.860E+O0
7.000E+O1 8.649E-01 1.352E+O0 2.11OE+OO 7.803E-01 6.905E-02 7.695E-03 0.000E+OO 7.353E-02 1.756E+O0
7.500E+01 8.458E-01 1.291E+O0 2.148E+O0 8.159E-01 6.864E-02 8.435E-03 0.000E+OO 8.059E-02 1.717E+O0
8.000E+O1 8.289E-01 1.219E+O0 2.182E+O0 8.497E-01 6.915E-02 9.260E-03 0.000E+OO 8.813E-02 1.651E+O0
8.500E+01 8.141E-01 1.145E+O0 2.205E+O0 8.800E-01 6.977E-02 1.019E-02 0.000E+OO 9.503E-02 1.622E+O0
9.000E+O1 8.012E-01 1.076E+O0 2.236E+O0 9.1OOE-O1 7.082E-02 1.139E-02 0.000E+OO 1.035E-01 1.620E+O0
9.500E+01 7.900E-01 1.002E+O0 2.269E+O0 9.347E-01 7.137E-02 1.253E-02 0.000E+OO 1.105E-O1 1.585E+O0
1.000E+02 7.803E-01 9.385E-01 2.303E+O0 9.584E-01 7.lllE-02 1.377E-02 0.000E+OO 1.177E-01 1.564E+O0
1.1OOE+O2 7.647E-01 8.141E-01 2.370E+O0 1.005E+O0 7.413E-02 1.662E-02 0.000E+OO 1.318E-01 1.532E+O0
1.200E+02 7.533E-01 7.045E-01 2.428E+O0 1.043E+O0 7.716E-02 1.954E-02 0.000E+OO 1.439E-01 1.493E+O0
1.300E+02 7.452E-01 6.093E-01 2.480E+O0 1.087E+O0 7.964E-02 2.245E-02 0.000E+OO 1.544E-01 1.446E+O0
1.400E+02 7.398E-01 5.334E-01 2.524E+O0 1.130E+O0 8.313E-02 2.576E-02 0.000E+OO 1.654E-01 1.414E+O0
1.500E+02 7.373E-01 4.654E-01 2.579E+O0 1.167E+O0 8.527E-02 2.899E-02 0.000E+OO 1.746E-01 1.404E+O0

24052 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

Karma coefficients in units of f.Gy.xsA2:
Energy proton deuteron triton helium3 alpha non-ret elas-rec

2.000E+O1 2.987E-01 3.823E-02 3.929E-04 0.000E+OO 4.lllE-02 1.082E-01 2.651E-02
2.200E+01 3.445E-01 5.551E-02 8.998E-04 0.000E+OO 5.290E-02 1.152E-01 2.835E-02
2.400E+01 3.975E-01 7.170E-02 1.600E-03 0.000E+OO 6.329E-02 1.212E-01 3.017E-02
2.600E+01 4.600E-01 9.1845-02 2.524E-03 0.000E+OO 7.086E-02 1.260E-01 3.096E-02
2.800E+01 5.299E-01 1.125E-01 3.485E-03 0.000E+OO 7.473E-02 1.298E-01 3.168E-02
3.000E+O1 6.049E-01 1.338E-01 4.662E-03 0.000E+OO 7.644E-02 1.333E-01 3.195E-02
3.500E+01 7.924E-01 1.800E-01 7.805E-03 0.000E+OO 8.145E-02 1.424E-01 3.162E-02
4.000E+O1 9.748E-01 2.296E-01 1.082E-02 0.000E+OO 8.980E-02 1.508E-01 3.024E-02

, 4.500E+01 1.165E+O0 2.788E-01 1.362E-02 0.000E+OO 9.817E-02 1.575E-01 2.840E-02
5.000E+O1 1.359E+O0 3.175E-01 1.6’22E-02 0.000E+OO 1.081E-01 1.637E-01 2.634E-02
5.500E+01 1.548E+O0 3.569E-01 1.857E-02 0.000E+OO 1.194E-01 1.689E-01 2.425E-02
6.000E+O1 1.737E+O0 3.812E-01 2.082E-02 0.000E+OO 1.312E-01 1.730E-01 2.220E-02
6.500E+01 1.923E+O0 4.076E-01 2.296E-02 0.000E+OO 1.456E-01 1.778E-01 2.021E-02
7.000E+O1 2.101E+OO 4.446E-01 2.518E-02 0.000E+OO 1.632E-01 1.835E-01 1.835E-02
7.500E+01 2.287E+O0 4.628E-01 2.733E-02 0.000E+OO 1.789E-01 1.879E-01 1.671E-02
8.000E+O1 2.474E+O0 4.894E-01 2.948E-02 0.000E+OO 1.954E-01 1.913E-01 1.513E-02
8..5OOE+O1 2.658E+O0 5.154E-01 3.168E-02 0.000E+OO 2.112E-01 1.945E-01 1.368E-02
9.000E+O1 2.844E+O0 5.399E-01 3.412E-02 0.000E+OO 2.297E-01 1.983E-01 1.243E-02
9.500E+01 3.037E+O0 5.591E-01 3.643E-02 0.000E+OO 2.460E-01 2.012E-01 1.122E-02
1.000E+02 3.235E+O0 5.628E-01 3.887E-02 0.000E+OO 2.628E-01 2.030E-01 1.022E-02
1.1OOE+O2 3.623E+O0 6.151E-01 4.396E-02 0.000E+OO 2.964E-01 2.086E-01 8.465E-03
1.200E+02 4.022E+O0 6.675E-01 4.868E-02 0.000E+OO 3.268E-01 2.132E-01 7.060E-03
1.300E+02 4.440E+O0 7.087E-01 5.273E-02 0.000E+OO 3.544E-01 2.245E-01 5.935E-03
1.400E+02 4.8595+00 7.575E-01 5.699E-02 0.000E+OO 3.832E-01 2.384E-01 5.084E-03
1.500E+02 5.316E+O0 7.773E-01 6.121E-02 0.000E+OO 4.092E-01 2.498E-01 4.371E-03

TOTAL

5.132E-01
5.973E-01
6.855E-01
7.821E-01
8.822E-01
9.851E-01
1.236E+O0
1.486E+O0
1.742E+O0
1.991E+O0
2.236E+O0
2.465E+O0
2.697E+O0
2.935E+O0
3.161E+O0
3.394E+O0
3.625E+O0
3.858E+O0
4.091E+O0
4.313E+O0
4.795E+O0
5.285E+O0
5.787E+O0
6.301E+O0
6.818E+O0
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EVALUATION OF n + 53Cr CROSS SECTIONS FOR THE ENERGY
RANGE 1.OE-11 to 150 MeV

S. Chiba, M. B. Chadwick, and P. G. Young
22 Oct. 1997

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
neutron energy range from 1.OE-11 to 150 MeV. The discussion
here is divided into the region below and above 20 MeV.

INCIDENT NEUTRON ENERGIES < 20 MeV

Below 20 MeV the evaluation is based completely on the ENDF/B-
VI.5 (Release 2) evaluation by D. Hetrick, D. Larson, N. Larson,
and C. Y. Fu.

INCIDENT NEUTRON ENERGIES > 20 MeV

The ENDF/B-VI Release 2 evaluation extends to 20 MeV and
includes cross sections and energy-angle data for all
significant reactions. The present evaluation utilizes a more
compact composite reaction spectrum representation above 20 MeV
in order to reduce the length of the file. No essential data for
applications is lost with this representation.

The evaluation above 20 MeV utilizes MF=6, MT=5 to represent
all reaction data. Production cross sections and emission
spectra are given for neutrons, protons, deuterons, tritons,
alpha particles, gamma rays, and all residual nuclides produced
(A>5) in the reaction chains. To summarize, the ENDF sections
with non-zero data above En = 20 MeV are:

MF=3 MT= 1
MT= 2
MT= 3
MT= 5

MF=4 MT= 2

MF=6 MT= 5

Total Cross Section
Elastic Scattering Cross Section
Nonelastic Cross Section
Sum of Binary (n,n’) and (n,x) Reactions

Elastic Angular Distributions

Production Cross Sections and Energy-Angle
Distributions for Emission Neutron=; Pr~tons,
Deuterons, Tritons, and Alphas; and Angle-
Integrated Spectra for Gamma Rays and Residual
Nuclei That Are Stable Against Particle Emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
Cr52 and p + Cr52 reactions (Ch97) . We use the GNASH code system
(Y092) , which utilizes Hauser-Feshbach statistical,
preequiiibrium and direct-reaction theories. Spherical optical
model calculations are used to obtain particle transmission
coefficients for the Hauser-Feshbach calculations, as well as
for the elastic neutron angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions. The energy-angle-correlations

for all outgoing particles are based on Kalbach
(Ka88) .
A model was developed to calculate the energy

systematic

distributions of



all recoil nuclei in the GNASH calculations (Ch96) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. All
other data in MT=5,MF=6 are given in the center-of-mass system.
This method of representation utilizes the LCT=3 option approved
at the November, 1996, CSEWG meeting.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85) , validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyuk et al. (Ig75) and pairing and
shell parameters from the Cook (C067) analysis. Neutron and
charged- particle transmission coefficients were obtained from
the optical potentials, as discussed below. Gamma-ray
transmission coefficients were calculated using the Kopecky-Uhl
model (K090) .

SOME Cr-SPECIFIC INFORMATION CONCERNING THE EVAL.

The neutron total cross section was evaluated at energy grid
points by using the least-squares code GMA (P081) taking account
of the new data measured by Dietrich et al. for natural Cr(Di97) .
The results were transformed to the Cr-53 cross section according
to the A*(2/3) law, i.e., by multiplying by a factor of 1.012076.

The neutron optical model potential derived for n + Cr-52 was
used for calculation of DWBA cross sections.

The transmission coefficients calculated for the n + Cr-52
evaluation were employed for all the n + Cr-50 evaluation
channels, by multiplying by a factor of 1.01278, i.e., a ratio of
A**(2/3) between &-_53 and Cr_52.

The Cr-52 transmission coefficients were calculated by using the
following potentials:

For the neutron channel, the newly-searched potential for n +
Cr-52, as described in File 1 of the n + Cr-52 evaluation, was
used.

For the proton channel, a combination of 2 potentials was used :

below 40 MeV : Becchetti-Greenlees (Be69)
above 40 MeV : Madland medium energy potential (Ma88)

The proton reaction cross section and transmission coefficients
below 40 MeV were multiplied by a factor of 0.845 to make the
agreement with the measured proton reaction cross section (Ca96)
better, and also to make the connection to higher energy values
smoothly.

For deuterons, the Lohr-Haeberli (L074) global potential was
used; for alpha particles the McFadden-Satchler (Mc66) potential
was used; and for tritons the Becchetti-Greenlees (Be71) potential
was used. The He-3 channel was ignored.

No direct collective inelastic scattering was considered.

*********************************** ********************* ********
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24053 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

Nonelastic, elastic, and Production cross sections for A<5 ejectiles in barns:
Energy nonelas elastic neutron proton deuteron triton heliud alpha mnml.a

2.000E+O1 1.295E+O0 9.285E-01 2.173E+O0 1.012E-01 2.313E-02 1.5921S-03 O.OOOE+OO 3.350E-02 4.040E+O0
2.200E+01 1.266E+O0 9.474E-01 2.134E+O0 1.285E-01 2.926E-02 2.192E-03 0.000E+OO 3.440E-02 4.150E+O0
2.400E+01 1.238E+O0 1.005E+O0 2.157E+O0 1.654E-01 3.484E-02 2.948E-03 0.000E+OO 3.486E-02 3.898E+O0
2.600E+01 1.208E+O0 1.056E+O0 2.204E+O0 2.128E-01 3.994E-02 3.660E-03 0.000E+OO 3.547E-02 3.435E+O0
2.800E+01 1.179E+O0 1.123E+O0 2.227E+O0 2.629E-01 4.473E-02 4.298E-03 0.000E+OO 3.581E-02 3.066E+O0
3.000E+O1 1.152E+O0 1.186E+O0 2.252E+O0 2.976E-01 4.712E-02 4.862E-03 0.000E+OO 3.715E-02 2.807E+O0
3.500E+01 1.098E+O0 1.329E+O0 2.293E+O0 3.491E-01 5.424E-02 5.977E-03 0.000E+OO 4.242E-02 2.602E+O0
4.000E+O1 1.054E+O0 1.435E+O0 2.299E+O0 4.071E-01 5.965E-02 6.726E-03 0.000E+OO 4.461E-02 2.503E+O0
4.500E+01 1.015E+O0 1.496E+O0 2.322E+O0 4.546E-01 6.266E-02 7.316E-03 0.000E+OO 4.674E-02 2.397E+O0
5.000E+O1 9.808E-01 1.519E+O0 2.358E+O0 4.925E-01 6.443E-02 7.782E-03 0.000E+OO 4.989E-02 2.300E+O0
5.500E+01 9.501E-01 1.511E+O0 2.384E+O0 5.332E-01 6.552E-02 8.235E-03 0.000E+OO 5.360E-02 2.251E+O0
6.000E+O1 9.225E-01 1.480E+O0 2.413E+O0 5.770E-01 6.439E-02 8.706E-03 0.000E+OO 5.789E-02 2.172E+O0
6.500E+01 8.978E-01 1.431E+O0 2.438E+O0 6.128E-01 6.516E-02 9.201E-03 0.000E+OO 6.226E-02 2.108E+OO
7.000E+O1 8.759E-01 1.369E+O0 2.449E+O0 6.433E-01 6.593E-02 9.735E-03 0.000E+OO 6.684E-02 1.993E+O0
7.500E+01 8.565E-01 1.307E+O0 2.470E+O0 6.703E-01 6.644E-02 1.031E-02 0.000E+OO 7.117E-02 1.951E+O0
8.000E+O1 8.394E-01 1.235E+O0 2.489E+O0 6.975E-01 6.689E-02 1.096E-02 0.000IS+OO 7.548E-02 1.902E+O0
8.500E+01 8.244E-01 1.159E+O0 2.512E+O0 7.258E-01 6.757E-02 1.183E-02 0.000E+OO 8.098E-02 1.843E+O0
9.000E+O1 8.114E-01 1.090E+O0 2.532E+O0 7.531E-01 6.834E-02 1.288E-02 0.000E+OO 8.670E-02 1.817E+O0
9.500E+01 8.000E-01 1.015E+O0 2.554E+O0 7.793E-01 6.902E-02 1.403E-02 0.000E+OO 9.258E-02 1.804E+O0
1.000E+02 7.902E-01 9.505E-01 2.580E+O0 8.053E-01 6.837E-02 1.528E-02 0.000E+OO 9.850E-02 1.756E+O0
1.1OOE+O2 7.745E-01 8.245E-01 2.636E+O0 8.518E-01 7.081E-02 1.825E-02 0.000E+OO 1.lllE-01 1.723E+O0
1.200E+02 7.629E-01 7.135E-01 2.692E+O0 8.913E-01 7.280E-02 2.123E-02 0.000E+OO 1.225E-01 1.684E+O0
1.300E+02 7.547E-01 6.172E-01 2.754E+O0 9.324E-01 7.616E-02 2.469E-02 0.000E+OO 1.338E-01 1.655E+O0
1.400E+02 7.492E-01 5.402E-01 2.798E+O0 9.657E-01 7.872E-02 2.756E-02 0.000E+OO 1.424E-01 1.606E+O0
1.500E+02 7.467E-01 4.714E-01 2.842E+O0 1.006E+O0 8.066E-02 3.082E-02 0.000E+OO 1.513E-01 1.592E+O0

24053 = TARGET 1000Z+A (if A.O then elemental)
1 = PROJECTILE 1000Z+A

Ke.rma coefficients in units of
Energy proton deuteron

2.000E+O1 1.322E-01 3.384E-02
2.200E+01 1.751E-01 4.894E-02
2.400E+01 2.264E-01 6.545E-02
2.600E+01 2.898E-01 8.312E-02
2.800E+01 3.608E-01 1.022E-01
3.000E+O1 4.329E-01 1.151E-01
3.500E+01 6.031)3-01 1.599E-01
4.000E+O1 7.875E-01 2.095E-01
4.500E+01 9.714E-01 2.540E-01

‘ 5.000E+O1 1.150E+O0 2.935E-01
5.500E+01 1.330E+O0 3.282E-01
6.000E+O1 1.519E+O0 3,436E-01
6.500E+01 1.703E+O0 3.747E-01
7.000E+O1 1.890E+O0 4.040E-01
7.500E+01 2.075E+O0 4.322E-01
8.000E+O1 2.262E+O0 4.590E-01
8.500E+01 2.449E+O0 4.842E-01
9.000E+O1 2.631E+O0 5.098E-01
9.500E+01 2.818E+O0 5.321E-01
1.000E+02 3.014E+O0 5.31OE-O1
1.1OOE+O2 3.395E+O0 5.746E-01
1.200E+02 3.792E+O0 6.086E-01
1.300E+02 4.189E+O0 6.553E-01
1.400E+02 4.609E+O0 7.039E-01
1.500E+02 5.052E+O0 7.239E-01

f.Gy.mA2:
triton helium3 alpha non-ret elas-rec

1.751E-03 0.000E+OO 6.307E-02 1.069E-01 2.578E-02
2.717E-03 0.000E+OO 6.747E-02 1.133E-01 2.794E-02
4.076E-03 0.000E+OO 7.070E-02 1.190E-01 3.003E-02
5.549E-03 0.000E+OO 7.371E-02 1.242E-01 3.102E-O2
7.081E-03 0.000E+OO 7.599E-02 1.287E-01 3.188E-02
8.612E-03 0.000E+OO 7.960E-02 1.325E-01 3.222E-02
1.234E-02 0.000E+OO 9.071E-02 1.423E-01 3.182E-02
1.564E-02 0.000E+OO 9.804E-02 1.506E-01 3.028E-02
1.865E-02 0.000E+OO 1.048E-01 1.577E-01 2.829E-02
2.f18E-02 0.000E+OO 1.127E-01 1.642E-01 2.612E-02
2.364E-02 0.000E+OO 1.215E-01 1.695E-01 2.396E-02
2.591E-02 0.000E+OO 1.311E-01 1.736E-01 2.187E-02
2.801E-02 0.000E+OO 1.41OE-O1 1.776E-01 1.987E-02
2.992E-02 0.000E+OO 1.515E-01 1.815E-01 1.800E-02
3.179E-02 0.000E+OO 1.612E-01 1.841E-01 1.636E-02
3.360E-02 0.000E+OO 1.713E-01 1.864E-01 1.480E-02
3.558E-02 0.000E+OO 1.835E-01 1.888E-01 1.336E-02
3.767E-02 0.000E+OO 1.964E-01 1.916E-01 1.212E-02
3.979E-02 0.000E+OO 2.096E-01 1.942E-01 1.093E-02
4.205E-02 0.000E+OO 2.232E-01 1.955E-01 9.952E-03
4.686E-02 0.000E+OO 2.519E-01 2.005E-01 8.225E-03
5.114E-02 0.000E+OO 2.789E-01 2.046E-01 6.849E-03
5.561E-02 0.000E+OO 3.062E-01 2.155E-01 5.749E-03
5.891E-02 0.000E+OO 3.284E-01 2.278E-01 4.920E-03
6.304E-02 0.000E+OO 3.518E-01 2.395E-01 4.226E-03

TOTAL

3.636E-01
4.354E-01
5.156E-01
6.074E-01
7.067E-01
8.O1OE-O1
1.040E+O0
1.292E+O0
1.535E+O0
1.768E+O0
1.997E+O0
2.215E+O0
2.444E+O0
2.675E+O0
2.901E+O0
3.127E+O0
3.354E+O0
3.579E+O0
3.805E+O0
4.015E+O0
4.477E+O0
4.942E+O0
5.427E+O0
5.933E+O0
6.435E+O0



104

103

102

10’

103

102

n + 53Crnonelastic and production cross sections

. . .
“. n“....... ““””**$........................................... Y

---- -P-------/-
0

/-
●c-..- .. -.*-”

-----
.,-.

---V.-MS”;=” ;-------- ------#@- ,.0

0?.-”’e.”-

@/”d
/

.@””----
●a.-

a..-

.*@
.-----

●---
----

●z.-
.4

./

(x

d

.t

I I I 1 I I I I I I I I I I I

I I I I I 1 1 I I I I I I I I I

0 50 100 150

Incident Energy (MeV)



n + 53Crangle-integrated emission spectra



n + 53CrKalbach preequilibrium ratios

\



N
c
d

‘
\



xC
L

coF
“

m1-Q-
a

I
I

I
I

I

cmc.-?6a)
z

I
I

I
I

I

$
L
o

%
%

0
m

0

oc
o

0m
l

o0o

>Q
)
zw



xC
L

zc)2C
D

ou)

a-1mq)

u0=
i-

nl

c1)
0coE

I
I

I
I

I
I

I

L

I
m

I
I

I
I

I
I

0
0

0
0

0
00

g
’o

g
o

**T
m

C
5

O
m

o
m

%
m

ll-~

o0o0
0

0C
Q

od
-

0m
l

0

C
D

h



EVALUATION OF n + 54Cr CROSS SECTIONS FOR THE ENERGY
RANGE 1.OE-11 to 150 MeV

S. Chiba, M. B. Chadwick, and P. G. Young
22 Oct. 1997

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
neutron energy range from 1.OE-11 to 150 MeV. The discussion
here is divided into the region below and above 20 MeV.

INCIDENT NEUTRON ENERGIES < 20 MeV

Below 20 MeV the evaluation is based completely on the ENDF/B-
VI.5 (Release 2) evaluation by D. Hetrick, D. Larson, N. Larson,
and C. Y. Fu.

INCIDENT NEUTRON ENERGIES > 20 MeV

The ENDF/B-VI Release 2 evaluation extends to 20 MeV and
includes cross sections and energy-angle data for all
significant reactions. The present evaluation utilizes a more
compact composite reaction spectrum representation above 20 MeV
in order to reduce the length of the file. No essential data for
applications is lost with this representation.

The evaluation above 20 MeV utilizes MF.6, MT=5 to represent
all reaction data. Production cross sections and emission
spectra are given for neutrons, protons, deuterons, tritons,
alpha particles, gamma rays, and all residual nuclides produced
(A>5) in the reaction chainsy To summarize, the ENDF sections
with non-zero data above En = 20 MeV are:

MF=3 MT=
MT=
MT=
MT=

MF=4 MT=

MF=6 MT=

1
2
3
5

2

5

Total Cross Section
Elastic Scattering Cross Section
Nonelastic Cross Section
Sum of Binary (n,n’) and (n,x) Reactions

Elastic Angular Distributions

Production Cross Sections and Energy-Angle
Distributions for Emission Neutrons, Protons,
Deuterons, Tritons, and Alphas; and Angle-
Integrated Spectra for Gamma Rays and Residual
Nuclei That Are Stable Against Particle Emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
Cr52 and p + Cr52 reactions (Ch97) . We use the GNASH code system
(Y092) , which utilizes Hauser-Feshbach statistical,
preequilibrium and direct-reaction theories. Spherical optical
model calculations are used to obtain particle transmission
coefficients for the Hauser-Feshbach calculations, as well as
for the elastic neutron angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A model was developed to calculate the energy distributions of



all recoil nuclei in the GNASH calculations (Ch96) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF.6, and are given as isotropic in the lab system. All
other data in MT=5,MF.6 are given in the center-of-mass system.
This method of representation utilizes the LCT=3 option approved
at the November, 1996, CSEWG meeting.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85) , validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyuk et al. (Ig75) and pairing and
shell parameters from the Cook (C067) analysis. Neutron and
charged- particle transmission coefficients were obtained from
the optical potentials, as discussed below. Gamma-ray
transmission coefficients were calculated using the Kopecky-Uhl
model (K090) .

SOME Cr-SPECIFIC INFORMATION CONCERNING THE EVAL.

The neutron total cross section was evaluated at energy grid
points by using the least-squares code GMA (P081) taking account
of the new data measured by Dietrich et al. for natural Cr(Di97) .
The results were transformed to the Cr-54 cross section according
to the A*(2/3) law, i.e., by multiplying by a factor of 1.024767.

The neutron optical model potential derived for n + Cr-52 was
used for calculation of DWBA cross sections.

The transmission coefficients calculated for the n + Cr-52
evaluation were employed for all the n + Cr-54 evaluation
channels, by multiplying by a factor of 1.025479, i.e., a ratio of
A**(2/3) between Cr-54 and Cr-52.

The Cr-52 transmission coefficients were calculated by usinq the
following

For the
Cr-52, as
used.

For the

potentials:

neutron channel, the newly-searched potential for n +
described in File 1 of the n + Cr-52 evaluation, was

proton channel, a combination of 2 potentials was used :

below 40 MeV : Becchetti-Greenlees (Be69)
above 40 MeV : Madland medium energy potential (Ma88)

The proton reaction cross section and transmission coefficients
below 40 MeV were multiplied by a factor of 0.845 to make the
agreement with the measured proton reaction cross section (Ca96)
better, and also to make the connection to higher energy values
smoothly.

For deuterons, the Lohr-Haeberli (L074) global potential was
used; for alpha particles the McFadden-Satchler (Mc66) potential
was used; and for tritons the Becchetti-Greenlees (Be71) potential
was used. The He-3 channel was ignored.

The direct collective inelastic scattering to the following
levels in Cr-54 was considered by the DWBA-mode calculation of
ECIS95 :



Jpi Ex(MeV) Deformation Parameter
2+ 0.835 0.250

The data was retrieved from the literature (Ra87) .

**************** ***************** **************** ***************
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24054 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

lkmelasticr elastic, and Production cross aec!tions for A<5 ejectiles in barns:
Energy nonel as elastic neutron proton deuteron triton helium3

2.000E+O1 1.311E+00 9.396E-01 2.271E+O0 5.200E-02 1.463E-02 5.760E-04 0.000E+OO
2.200E+01 1.282E+O0 9.589E-01 2.288E+O0 6.740E-02 2.069E-02 1.041E-03 0.000E+OO
2.400E+01 1.254E+O0 1.017E+O0 2.361E+O0 8.465E-02 2.623E-02 1.587E-03 0.000E+OO
2.600E+01 1.224E+O0 1.069E+O0 2.434E+O0 1.037E-01 3.135E-02 2.179E-03 0.000E+OO
2.800E+01 1.194E+O0 1.137E+O0 2.473E+O0 1.245E-01 3.609E-02 2.748E-03 0.000E+OO
3.000E+O1 1.167E+O0 1.200E+O0 2.488E+O0 1.460E-01 3.867E-02 3.257E-03 0.000E+OO
3.500E+01 1.112E+O0 1.346E+O0 2.471E+O0 2.012E-01 4.676E-02 4.360E-03 0.000E+OO
4.000E+O1 1.067E+O0 1.452E+O0 2.478E+O0 2.630E-01 5.243E-02 5.275E-03 0.000E+OO
4.500E+01 1.028E+O0 1.515E+O0 2.483E+O0 3.187E-01 5.582E-02 5.979E-03 0.000E+OO
5.000E+O1 9.932E-01 1.538E+O0 2.507E+O0 3.594E-01 5.744E-02 6.594E-03 0.000E+OO
5.500E+01 9.621E-01 1.530E+O0 2.534E+O0 3.980E-01 5.886E-02 7.174E-03 0.000E+OO
6.000E+O1 9.342E-01 1.499E+O0 2.566E+O0 4.318E-01 5.813E-02 7.755E-03 0.000E+OO
6.500E+01 9.092E-01 1.449E+O0 2.591E+O0 4.617E-01 5.890E-02 8.340E-03 O.OOOE+OO
7.000E+O1 8.870E-01 1.386E+O0 2.600E+O0 4.944E-01 5.899E-02 9.140E-03 0.000E+OO
7.500E+01 8.673E-01 1.324E+O0 2.615E+O0 5.253E-01 5.958E-02 9.983E-03 0.000E+OO
8.000E+O1 8.500E-01 1.250E+OO_ 2._644_E+O0 5.546.s-01 6.013E-02 1.092E-02 0.000E+OO
8.500E+01 8.349E-01 1.174E+O0 2.682E+O0 5.821E-01 6.087E-02 1.220E-02 0.000E+OO
9.000E+O1 8.216E-01 1.104E+OO 2.711E+O0 6.077E-01 6.103E-O2 1.335E-02 0.000E+OO
9.500E+01 8.101E-O1 1.028E+O0 2.741E+O0 6.331E-01 6.194E-02 1.458E-02 0.000E+OO
1.000E+02 8.00IE-01 9.624E-01 2.768E+O0 6.591E-01 6.286E-02 1.589E-02 0.000E+OO
1.1OOE+O2 7.842E-01 8.348E-01 2.827E+O0 7.088E-01 6.492E-02 1.899E-02 0.000E+OO
1.200E+02 7.725E-01 7.224E-01 2.878E+O0 7.538E-01 6.750E-02 2.211E-02 0.000E+OO
1.300E+02 7.642E-01 6.249E-01 2.919E+O0 7.952E-01 6.897E-02 2.519E-02 0.000E+OO
1.400E+02 7.587E-01 5.470E-01 2.981E+O0 8.320?3-01 7.209E-02 2.874E-02 0.000E+OO
1.500E+02 7.561E-01 4.773E-01 3.039E+O0 8.687E-01 7.458E-02 3.21OE-O2 0.000E+OO

24054 = TARGET 1000Z+A (if A=O than elemental)
1 = PROJECTILE 1000Z+A

Kenna coefficients in units of f.Gy.mA2:

Energy proton deut.eron triton helium3 alpha non- rec elas-rec

2.000E+O1 6.629E-02 1.801E-02 5.172E-04 0.000E+OO 2.211E-02 1.019E-01 2.493E-02
2.200E+01 9.371E-02 3.O1OE-O2 1.087E-03 0.000E+OO 2.641E-02 1.080E-01 2.733E-02
2.400E+01 1.268E-01 4.392E-02 1.872E-03 0.000E+OO 2.967E-02 1.135E-01 2.964E-02
2.600E+01 1.657E-01 5.914E-02 2.842E-03 0.000E+OO 3.296E-02 1.184E-01 3.084E-02
2.800E+01 2.108E-O1 7.563E-02 3.925E-03 0.000E+OO 3.681E-02 1.226E-01 3.184E-02
3.000E+O1 2.614E-01 8.785E-02 5.061E-03 0.000E+OO 4.048E-02 1.260E-01 3.225E-02
3.500E+01 4.082E-01 1.301E-01 7.972E-03 0.000E+OO 4.898E-02 1.346E-01 3.182E-02
4.000E+O1 5.745E-01 1.747E-01 1.091E-02 0.000E+OO 5.673E-02 1.432E-01 3.016E-02
4.500E+01 7.492E-01 2.169E-01 1.361E-02 0.000E+OO 6.469E-02 1.503E-01 2.807E-02
5.000E+O1 9.184E-01 2.519E-01 1.614E-02 0.000E+OO 7.418E-02 1.567E-01 2.582E-02
5.500E+01 1.089E+O0 2.868E-01 1.850E-02 0.000E+OO 8.262E-02 1.615E-01 2.362E-02
6.000E+O1 1.263E+O0 3.047E-01 2.072E-02 0.000E+OO 9.113E-02 1.654E-01 2.151E-02
6.500E+01 1.436E+O0 3.341E-01 2.279E-02 0.000E+OO 9.931E-02 1.691E-01 1.950E-02
7.000E+O1 1.61OE+OO 3.548E-01 2.498E-02 0.000E+OO 1.089E-01 1.731E-01 1.763E-02
7.500E+01 1.783E+O0 3.803E-01 2.703E-02 0.000E+OO 1.186E-01 1.762E-01 1.601E-02
8.000E+O1 1.960E+O0 4.040E-01 2.913E-02 0.000E+OO 1.289E-01 1.792E-01 1.445E-02
8.500E+01 2.133E+.00 4.258E-01 3.157E-02 0.000E+OO 1.413E-01 1.823E-01 1.303E-02
9.000E+O1 2.316E+O0 4.402E-01 3.381E-02 0.000E+OO 1.519E-01 1.849E-01 1.182E-02
9.500E+01 2.500E+O0 4.628E-01 3.614E-02 0.000E+OO 1.627E-01 1.870E-01 1.065E-02
1.000E+02 2.686E+O0 4.846E-01 3.848E-02 0.000E+OO 1.739E-01 1.892E-01 9.685E-03
1.1OOE+O2 3.062E+O0 5.221E-01 4.363E-02 0.000E+OO 1.983E-01 1.940E-01 7.992E-03
1.200E+02 3.452E+O0 5.672E-01 4.847E-02 0.000E+OO 2.214E-01 1.980E-01 6.647E-03
1.300E+02 3.860E+O0 5.902E-01 5.267E-02 0.000E+OO 2.430E-01 2.063E-01 5.574E-03
1.400E+02 4.266E+O0 6.328E-01 5.737E-02 0.000E+OO 2.665E-01 2.196E-01 4.766E-03
1.500E+02 4.701E+O0 6.660E-01 6.180E-02 0.000E+OO 2.873E-01 2.316E-01 4.089E-03

alpha

1.381E-02
1.571E-02
1.690E-02
1.834E-02
2.006E-02
2.163E-02
2.499E-02
2.805E-02
3.156E-02
3.602E-02
3.970E-02
4.339E-02
4.696E-02
5.134E-02
5.574E-02
6.044E-02
6.620E-02
7.095E-02
i’.575E-O2
8.073E-02
9.156E-02
1.015E-01
1.106E-O1
1.205E-01
1.288E-01

ToTAL

mnmla

2.638E+O0
2.671E+O0
2.628E+O0
2.588E+O0
2.568E+O0
2.594E+O0
2.604E+O0
2.352E+O0
2.129E+O0
2.004E+O0
1.914E+O0
1.857E+O0
1.816E+O0
1.717E+O0
1.719E+O0
1.678E+O0
1.659E+O0
1.642E+O0
1.620E+O0
1.595E+O0
1.568E+O0
1.528E+O0
1.528E+O0
1.501E+O0
1.483E+O0

2.337E-01
2.866E-01
3.454E-01
4.099E-01
4.816E-01
5.530E-01
7.616E-01
9.902E-01
1.223E+O0
1.443E+O0
1.662E+O0
1.866E+O0
2.081E+O0
2.289E+O0
2.501E+O0
2.716E+O0
2.927E+O0
3.138E+O0
3.359E+O0
3.582E+O0
4.028E+O0
4.493E+O0
4.957E+O0
5.447E+O0
5.952E+O0



n + 54Crnonelastic and production cross sections
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n + 54Crangle-integrated emission spectra



n +54Cr Kalbach preequilibrium ratios
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EVALUATION OF n + 54Fe CROSS SECTIONS FOR THE ENERGY
RANGE 1.OE-11 to 150 MeV

M. B. Chadwick, P. G. Young, and A. J. Koning
6 September 1996

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
neutron energy range from 1.OE-11 to 150 MeV. The discussion
here is divided into the region below and above 20 MeV.

INCIDENT NEUTRON ENERGIES c 20 MeV

Below 20 MeV the evaluation is based completely on the ENDF/B-
VI.1 (Release 1) evaluation by He91 (see also Fu86) . The
following modifications were made to the ENDF/B-VI.l evaluation:

1. The

2. The

covariance files (MF=33) were removed from the file.

derived MF=3 files for MT=203,205,207 were removed.

INCIDENT NEUTRON ENERGIES > 20 MeV

The evaluation above 20 MeV utilizes MF=6, MT=5 to represent
all reaction data. Production cross sections and emission
spectra are given for neutrons, protons, deuterons, tritons,
alpha particles, gamma rays, and all residual nuclides produced
(A>5) in the reaction chains. To summarize, the ENDF sections
with non-zero

MF=3 MT=
MT=
MT=
MT=

MF=4 MT=

MF=6 MT=

1
2
3
5

2

5

data above En = 20 MeV are:

Total Cross Section
Elastic Scattering Cross Section
Nonelastic Cross Section
Sum of Binary (n,n’) and (n,x) Reactions

Elastic Angular Distributions

Production Cross Sections and Energy-Angle
Distributions for Emission Neutrons, Protons,
Deuterons, and Alphas; and Angle-Integrated
Spectra for Gamma Rays and Residual Nuclei That
Are Stable Against Particle Emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
Fe56 and D + Fe56 reactions (Ch96a) . We use the GNASH code
system (Y=92) , which utilizes Hauser-Feshbach statistical,
preequilibrium and direct-reaction theories. Spherical optical
model calculations are used to obtain particle transmission
coefficients for the Hauser-Feshbach calculations, as well as
for the elastic neutron angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions that exceed a cross section of
approximately 1 nb at any energy. The energy-angle-correlations

for all outgoing particles are based on Kalbach systematic
(Ka88) .
A model was developed to calculate the energy distributions of



all recoil nuclei in the GNASH calculations (Ch96b) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. Note
that all other data in MT=5,MF=6 are given in the center-of-mass
system. This method of representation requires a modification of
the original ENDF-6 format.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85) , validated by comparison with calculations using Feshbach,
Ke rman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyuk (Ig75) and pairing and shell
parameters from the Cook (C067) analysis. Neutron and charged-
particle transmission coefficients were obtained from the
optical potentials, as discussed below. Gamma-ray transmission
coefficients were calculated using the Kopecky-Uhl model (K090) .

The neutron optical model potential of Arthur et al. (Ar80)
was used to calculate transmission coefficients and cross
sections with the SCAT2 code (Be92) up to a neutron energy of 26
MeV. Between 26 and 52 MeV, the imaginary volume component of
Arthur’s potential was modified to better account for nonelastic
cross section measurements, and above 52 MeV the Semmering
potential of Madland (Ma88) was used. For protons, the
Beccetti-Greenlees potential (Be69) was utilized below 28 MeV,
and the Madland potential (Ma88) was used at higher energies.
The global spherical potential of Perey (Pe63) was utilized for
deuterons, and the potential of Beccetti-Greenlees (Be) was
adopted for tritons. Finally, the alpha potential of Lemos
(Le72) , as adapted by Arthur et al. (Ar80 ), was used for alpha
particles.

Direct reaction cross sections to discrete states were
calculated with the ECIS95 code [Re95] using deformation
parameters compiled in Nuclear Data Sheets.

We used the same values for the total, elastic, and nonelastic
cross sections (MF=3, MT=1,2,3) above 20 MeV as were used in the
n + 56Fe evaluation.

*************** *************** *************** *************** ****
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26054 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

Nonelastic, elastic, and Production cross sections for AC5 ejectiles in barns:
Energy nonelas elastic neutron proton deuteron triton helium3 alpha ganmla

2.000E+O1 1.296E+00’9 .4z4E-01 1.188E+O0 9.654E-01 3.292E-02 7.686E-04 0.000E+OO 7.651E-02’ 2.380E+O0
2.200E+01 1.240E+O0 9.979E-01 1.149E+O0 9.822E-01 3.755E-02 1.319E-03 0.000E+OO 8.006E-02 2.434E+O0
2.400E+01 1.177E+O0 1.053E+O0 1.102E+OO 1.018E+O0 4.024E-02 1.927E-03 0.000E+OO 8.035E-02 2.351E+O0
2.600E+01 1.117E+O0 1.135E+O0 1.086E+O0 1.027E+O0 4.459E-02 2.507E-03 0.000E+OO 7.915E-02 2.209E+O0
2.800E+01 1.084E+O0 1.206E+O0 1.116E+O0 1.029E+O0 4.928E-02 3.137E-03 0.000E+OO 7.756E-02 2.119E+O0
3.000E+O1 1.063E+O0 1.267E+O0 1.151E+O0 1.043E+O0 5.366E-02 3.740E-03 0.000E+OO 7.630E-02 2.051E+O0
3.500E+01 1.012E+O0 1.422E+O0 1.206E+O0 1.070E+O0 6.087E-02 4.987E-03 0.000E+OO 7.461E-02 1.973E+O0
4.000E+O1 9.637E-01 1.536E+O0 1.234E+O0 1.086E+O0 6.562E-02 5.827E-03 0.000E+OO 7.441E-02 1.880E+O0
4.500E+01 9.265E-01 1.593E+O0 1.283E+O0 1.125E+O0 6.886E-02 6.403E-03 O.OOOE+OO 7.656E-02 1.787E+O0
5.000E+O1 9.004E-01 1.600E+O0 1.343E+O0 1.180E+O0 6.977E-02 6.852E-03 0.000E+OO 8.161E-02 1.756E+O0
5.500E+01 8.778E-01 1.587E+O0 1.407E+O0 1.244E+O0 7.093E-02 6.916E-03 0.000E+OO 8.923E-02 1.725E+O0
6.000E+O1 8.578E-01 1.547E+O0 1.458E+O0 1.291E+O0 7.235E-02 7.178E-03 0.000E+OO 9.573E-02 1.699E+O0
6.500E+01 8.399E-01 1.488E+O0 1.5i2E+O0 1.347E+O0 7.394E-02 7.645E-03 0.000E+OO 1.071E-01 1.659E+O0
7.000E+O1 8.236E-01 1.428E+O0 1.556E+O0 1.396E+O0 7.461E-02 8.117E-03 0.000E+OO 1.164E-01 1.556E+O0
7.500E+01 8.087E-01 1.352E+O0 1.609E+O0 1.436E+O0 7.538E-02 8.647E-03 0.000E+OO 1.258E-01 1.535E+O0
8.000E+O1 7.949E-01 1.279E+O0 1.667E+O0 1.477E+O0 7.735E-02 9.377E-03 0.000E+OO 1.370E-01 1.512E+O0
8.500E+01 7.823E-01 1.218E+O0 1.737E+O0 1.550E+O0 8.124E-02 1.033E-02 0.000E+OO 1.492E-01 1.466E+O0
9.000E+O1 7.705E-01 1.159E+O0 1.780E+O0 1.584E+O0 8.331E-02 1.117E-02 0.000E+OO 1.587E-01 1.441E+O0
9.500E+01 7.596E-01 1.090E+O0 1.823E+O0 1.611E+O0 8.550E-02 1.21OE-O2 0.000E+OO 1.680E-01 1.429E+O0
1.000E+02 7.494E-01 1.037E+O0 1.865E+O0 1.643E+O0 8.800E-02 1.329E-02 0.000E+OO 1.788E-01 1.405E+O0
1.1OOE+O2 7.307E-01 9.113E-01 1.930E+O0 1.683E+O0 9.232E-02 1.555E-02 0.000E+OO 1.959E-01 1.359E+O0
1.200E+02 7.141E-01 8.009E-01 2.004E+O0 1.723E+O0 9.541E-02 1.839E-02 0.000E+OO 2.124E-01 1.306E+O0
1.300E+02 6.992E-01 7.028E-01 2.059E+O0 1.764E+O0 9.944E-02 2.125E-02 0.000E+OO 2.263E-01 1.252E+O0
1.400E+02 6.857E-01 6.243E-01 2.114E+O0 1.798E+O0 1.043E-01 2.452E-02 0.000E+OO 2.396E-01 1.198E+O0
1.500E+02 6.734E-01 5.896E-01 2.150E+O0 1.823E+O0 1.085E-01 2.771E-02 0.000E+OO 2.498E-01 1.168E+O0

26054 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000z+A

Kexma coefficients in units of f.Gy.mA2:
Energy proton deuteron triton helium3 alpha non-ret elas-rec

2.000E+O1 9.635E-01 5.320E-02 6.899E-04” 0.000E+O0 1.345E-01 1.137E-01 2.039E-02
2.200E+01 1.002E+O0 6.796E-02 1.406E-03 0.000E+OO 1.454E-01 1.177E-01 3.311E-02
2.400E+01 1.050E+O0 8.009E-02 2.370E-03 0.000E+OO 1.514E-01 1.195E-01 3.564E-02
2.600E+01 1.081E+O0 9.754E-02 3.467E-03 0.000E+OO 1.543E-01 1.200E-01 3.862E-02
2.800E+01 1.124E+O0 1.174E-01 4.846E-03 0.000E+OO 1.564E-01 1.220E-01 3.929E-02
3.000E+O1 1.181E+O0 1.387E-01 6.362E-03 0.000E+OO 1.585E-01 1.245E-01 3.889E-02
3.500E+01 1.341E+O0 1.887E-01 1.033E-02 0.000E+OO 1.637E-01 1.320E-01 3.667E-02
4.000E+O1 1.504E+00 2.401E-01 1.422E-02 0.000E+OO 1.696E-01 1.375E-01 3.370E-02
4.500E+01 1.678E+O0 2.889E-01 1.788E-02 0.000E+OO 1.786E-01 1.435E-01 3.064E-02
5.000E+O1 1.878E+O0 3.226E-01 2.138E-02 0.000E+OO 1.923E-01 1.494E-01 2.764E-02
.5.500E+01 2.101E+OO 3.589E-01 2.322E-02 0.000E+OO 2.090E-01 1.565E-01 2.289E-02
6.000E+O1 2.304E+O0 3.958E-01 2.581E-02 0.000E+OO 2.250E-01 1.617E-01 2.093E-02
6.500E+01 2.492E+O0 4.303E-01 2.829E-02 0.000E+OO 2.493E-01 1.685E-01 1.915E-02
7.000E+O1 2.685E+O0 4.570E-01 3.070E-02 0.000E+OO 2.702E-01 1.745E-01 1.767E-02
7.500E+01 2.864E+O0 4.817E-01 3.301E-02 0.000E+OO 2.914E-01 1.796E-01 1.621E-02
8.000E+O1 3.038E+O0 5.148E-01 3.532E-02 0.000E+OO 3.160E-01 1.852E-01 1.496E-02
8.500E+01 3.296E+O0 5.646E-01 3.858E-02 0.000E+OO 3.448E-01 1.919E-01 1.396E-02
9.000E+O1 3.475E+O0 6.012E-01 4.097E-02 0.000E+OO 3.670E-01 1.961E-01 1.309E-02
9.500E+01 3.655E+O0 6.386E-01 4.340E-02 0.000E+OO 3.890E-01 1.994E-01 1.215E-02
1.000E+02 3.827E+O0 6.731E-01 4.592E-02 0.000E+OO 4.139E-01 2.036E-01 1.144E-02
1.1OOE+O2 4.169E+O0 7.452E-01 5.069E-02 0.000E+OO 4.556E-01 2.094E-01 9.904E-03
1.200E+02 4.512E+O0 7.785E-01 5.605E-02 0.000E+OO 4.974E-01 2.134E-01 8.615E-03
1.300E+02 4.854E+O0 8.331E-01 6.117E-02 0.000E+OO 5.338E-01 2.241E-01 7.503E-03
1.400E+02 5.176E+O0 8.947E-01 6.673E-02 0.000E+OO 5.689E-01 2.342E-01 6.624E-03
1.500E+02 5.504E+O0 9.511E-01 7.213E-02 0.000E+OO 5.975E-01 2.411E-01 6.220E-03

TOTAL

1.286E+O0
1.367E+O0
1.4391S+O0
1.495E+O0
1.564E+O0
1.648E+O0
1.872E+O0
2.099E+O0
2.338E+O0
2.591E+O0
2.872E+O0
3.133E+O0
3.388E+O0
3.635E+O0
3.866E+O0
4.104E+OO
4.450E+O0
4.693E+O0
4.938E+O0
5.175E+O0
5.639E+O0
6.066E+O0
6.514E+O0
6.947E+O0
7.372E+O0
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n + 54Feangle-integrated emission spectra



n +54Fe Kalbach preequilibrium ratios
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EVALUATION OF n + 56Fe CROSS SECTIONS FOR THE ENERGY
RANGE 1.OE-11 to 150 MeV

M. B. Chadwick, P. G. Young, and A. J. Koning
6 September 1996

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
neutron energy range from 1.OE-11 to 150 MeV. The discussion
here is divided into the region below and above 20 MeV.

INCIDENT NEUTRON ENERGIES < 20 MeV

Below 20 MeV the evaluation is based completely on the ENDF/B-
VI.1 (Release 1) evaluation by Fu91 (see also Fu86) . The
following modifications were made to the ENDF/B-VI.l evaluation:

1. The covariance files (MF=33) were removed from the file.

2. The derived MF=3 files for MT=203,205,207 were removed.

INCIDENT NEUTRON ENERGIES > 20 MeV

The evaluation above 20 MeV utilizes MF=6, MT=5 to represent
all reaction data. Production cross sections and emission
spectra are given for neutrons, protons, deuterons, tritons,
alpha particles, gamma rays, and all residual nuclides produced
(A>5) in the reaction chains. To summarize, the ENDF sections

. . . . — —--- --
with non-zero

MF=3 MT=
MT=
MT=
MT=

MF=4 MT=

MF=6 MT=

1
2
3
5

2

5

data above En = 20 MeV are:

Total Cross Section
Elastic Scattering Cross Section
Nonelastic Cross Section
Sum of Binary (n,n’) and (n,x) Reactions

Elastic Angular Distributions

Production Cross Sections and Energy-Angle
Distributions for Emission Neutrons, Protons,
Deuterons, and Alphas; and Angle-Integrated
Spectra for Gamma Rays and Residual Nuclei That
Are Stable Against Particle Emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
Fe56 and p + Fe56 reactions (Ch96a) . We use the GNASH code
system (Y092) , which utilizes Hauser-Feshbach statistical,
preequilibrium and direct-reaction theories. Spherical optical “
model calcul-ations.-are.-uad..-~~ttitpa~ticleicle -Transmission
coefficients for the Hauser-Feshbach calculations, as well as
for the elastic neutron angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions that exceed a cross section of
approximately 1 nb at any energy. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A model was developed to calculate the energy distributions of



all recoil nuclei in the GNASH calculations (Ch96b) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. Note
that all other data in MT=5,MF=6 are given in the center-of-mass
sys tern. This method of representation requires a modification of
the original ENDF-6 format.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85) , validated by comparison with calculations using Feshbach,
Ke rman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyuk (Ig75) and pairing and shell
parameters from the Cook (C067) analysis. Neutron and charged-
particle transmission coefficients were obtained from the
optical potentials, as discussed below. Gamma-ray transmission
coefficients were calculated using the Kopecky-Uhl model (K090) .

The neutron optical model potential of Arthur et al. (Ar80)
was used to calculate transmission coefficients and cross
sections with the SCAT2 code (Be92) up to a neutron energy of 26
MeV. Between 26 and 52 MeV, the imaginary volume component of
Arthur’s potential was modified to better account for nonelastic
cross section measurements, and above 52 MeV the Semmering
potential of Madland (Ma88) was used. For protons, the
Beccetti-Greenlees potential (Be69) was utilized below 28 MeV,
and the Madland potential (Ma88) was used at higher energies.
The global spherical potential of Perey (Pe63) was utilized for
deuterons, and the potential of Beccetti-Greenlees (Be) was
adopted for tritons. Finally, the alpha potential of Lemos
(Le72) , as adapted by Arthur et al. (Ar80), was used for alpha
particles.

Direct reaction cross sections to discrete states were
calculated with the ECIS95 code [Re95] using deformation
parameters compiled in Nuclear Data Sheets.

*************** *************** *************** *************** ****

I

[Ar80
Cross
Cross
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26056 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

Nonelastic, elastic, and Production cross sections for A<5 ejectiles in barns:
Energy nonelas elastic neutron proton deuteron triton heliud alpha g—

2.000E+O1 1.296E+O0 9.424E-01 1.808E+O0 2.876E-01 2.485E-02 8.216E-04 0.000E+OO 5.695E-02 3.055E+O0 ‘“
2.200E+01 1.240E+O0 9.979E-01 1.726E+O0 3.084E-01 3.037E-02 1.365E-03 0.000E+OO 6.090E-02 3.141E+O0
2.400E+01 1.177E+O0 1.053E+O0 1.653E+O0 3.264E-01 3.499E-02 1.952E-03 0.000E+OO 6.299E-02 3.079E+O0
2.600E+01 1.117E+O0 1.135E+O0 1.625E+O0 3.501E-01 3.902E-02 2.538E-03 0.000E+OO 6.255E-02 2.880E+O0
2.800E+01 1.084E+O0 1.206E+O0 1.653E+O0 3.762E-01 4.154E-02 3.134E-03 0.000E+OO 6.194E-02 2.732E+O0
3.000E+O1 1.063E+O0 1.267E+O0 1.696E+O0 4.023E-01 4.577E-02 3.693E-03 0.000E+OO 6.126E-02 2.599E+O0
3.500E+01 1.012E+O0 1.422E+O0 1.765E+O0 4.536E-01 5.285E-02 4.785E-03 0.000E+OO 6.009E-02 2.326E+O0
4.000E+O1 9.637E-01 1.536E+O0 1.757E+O0 5.017E-01 5.781E-02 5.479E-03 0.000E+OO 5.977E-02 2.193E+O0
4.500E+01 9.265E-01 1.593E+O0 1.758E+O0 5.569E-01 6.064E-02 5.952E-03 0.000E+OO 6.091E-02 2.063E+O0
5.000E+O1 9.004E-01 1.600E+O0 1.795E+O0 6.090E-01 6.308E-02 6.329E-03 0.000E+OO 6.380E-02 1.980E+O0
5.500E+01 8.778E-01 1.587E+O0 1.869E+O0 6.696E-01 6.379E-02 6.575E-03 0.000E+OO 7.151E-02 1.902E+O0
6.000E+O1 8.578E-01 1.547E+O0 1.939E+O0 7.204E-01 6.336E-02 7.086E-03 0.000E+OO 7.969E-02 1.837E+O0
6.500E+01 8.399E-01 1.488E+O0 2.000E+OO 7.758E-01 6.472E-02 7.807E-03 0.000E+OO 8.883E-02 1.792E+O0
7.000E+O1 8.236E-01 1.428E+O0 2.034E+O0 8.274E-01 6.500E-02 8.481E-03 0.000E+OO 9.631E-02 1.694E+O0
7.500E+01 8.087E-01 1.352E+O0 2.075E+O0 8.612E-01 6.627E-02 9.204E-03 0.000E+OO 1.033E-01 1.676E+O0
8.000E+O1 7.949E-01 1.279E+O0 2.113E+O0 8.926E-01 6.755E-02 1.000E-02 0.000E+OO 1.098E-01 1.666E+O0
8.500E+01 7.823E-01 1.218E+O0 2.185E+O0 9.469E-01 7.078E-02 1.132E-02 0.000E+OO 1.198E-01 1.639E+O0
9.000E+O1 7.705E-01 1.159E+O0 2.221E+O0 9.773E-01 7.244E-02 1.234E-02 0.000E+OO 1.264E-01 1.619E+O0
9.500E+01 7.596E-01 1.090E+O0 2.252E+O0 1.006E+O0 7.400E-02 1.342E-02 0.000E+OO 1.326E-01 1.602E+O0
1.000E+02 7.494E-01 1.037E+O0 2.287E+O0 1.044E+O0 7.544E-02 1.483E-02 0.000E+OO 1.402E-01 1.570E+O0
1.1OOE+O2 7.307E-01 9.113E-01 2.336E+O0 1.096E+O0 7.875E-02 1.734E-02 0.000E+OO 1.519E-01 1.505E+O0
1.200E+02 7.141E-01 8.009E-01 2.383E+O0 1.149E+O0 8.216E-02 2.036E-02 0.000E+OO 1.640E-01 1.474E+O0
1.300E+02 6.992E-01 7.028E-01 2.425E+O0 1.187E+O0 8.458E-02 2.335E-02 O.OOOE+OO 1.745E-01 1.440E+O0
1.400E+02 6.857E-01 6.243E-01 2.467E+O0 1.21513+00 8.834E-02 2.668E-02 0.000E+OO 1.852E-01 1.415E+O0
1.500E+02 6.734E-01 5.896E-01 2.496E+O0 1.239E+O0 9.159E-02 2.989E-02 0.000E+OO 1.939E-01 1.379E+O0

26056 = TUGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

Ke,rma coefficients in units of f.Gy.mA2:
Energy proton deuteron triton helium3 alpha non-ret elas-rec

2.000E+O1 3.018E-01 3.548E-02 7.378E-04 0.000E+OO 8.950E-02 9.794E-02 1.898E-02
2.200E+01 3.482E-01 4.966E-02 1.426E-03 0.000E+OO 9.912E-02 1.021E-01 3.030E-02
2.400E+01 3.873E-01 6.405E-02 2.328E-03 0.000E+OO 1.059E-01 1.039E-01 3.300E-02
2.600E+01 4.262E-01 7.890E-02 3.388E-03 0.000E+OO 1.085E-01 1.047E-01 3.609E-02
2.800E+01 4.753E-01 9.069E-02 4.616E-03 0.000E+OO 1.106E-O1 1.067E-01 3.688E-02
3.000E+O1 5.360E-01 1.087E-01 5.938E-03 0.000E+OO 1.121E-01 1.094E-01 3.647E-02
3.500E+01 6.945E-01 1.513E-01 9.256E-03 0.000E+OO 1.155E-01 1.164E-01 3.418E-02
4.000E+O1 8.529E-01 1.965E-01 1.237E-02 0.000E+OO 1.193E-01 1.214E-01 3.138E-02
4.500E+01 1.022E+O0 2.371E-01 1.525E-02 0.000E+OO 1.247E-01 1.262E-01 2.843E-02
5.000E+O1 1.200E+O0 2.776E-01 1.791E-02 0.000E+OO 1.329E-01 1.317E-01 2.556E-02
5.500E+01 1.387E+O0 3.073E-01 1.948E-02 0.000E+OO 1.482E-01 1.384E-01 2.087E-02
6.000E+O1 1.564E+O0 3.252E-01 2.169E-02 0.000E+OO 1.651E-01 1.442E-01 1.909E-02
6.500E+01 1.735E+O0 3.544E-01 2.399E-02 0.000E+OO 1.839E-01 1.500E-01 1.747E-02
7.000E+O1 1.908E+O0 3.737E-01 2.618E-02 0.000E+OO 2.000E-01 1.557E-01 1.614E-02
7.500E+01 2.070E+O0 4.026E-01 2.832E-02 0.000E+OO 2.153E-01 1.597E-01 1.482E-02
8.000E+O1 2.233E+O0 4.311E-01 3.045E-02 0.000E+OO 2.300E-01 1.632E-01 1.368E-02
8.500E+01 2.456E+O0 4.696E-01 3.357E-02 0.000E+OO 2.521E-01 1.690E-01 1.279E-02
9.000E+O1 2.628E+O0 5.005E-01 3.591E-02 0.000E+OO 2.674E-01 1.722E-01 1.199E-02
9.500E+01 2.795E+O0 5.298E-01 3.822E-02 0.000E+OO 2.821E-01 1.749E-01 i.l15E-02
1.000E+02 2.961E+O0 5.497E-01 4.083E-02 0.000E+OO 2.994E-01 1.782E-01 1.050E-02
1.1OOE+O2 3.295E+O0 6.069E-01 4.557E-02 0.000E+OO 3.277Z-01 1.831E-01 9.108E-O3
1.200E+02 3.623E+O0 6.549E-01 5.079E-02 0.000E+OO 3.572E-01 1.876E-01 7.937E-03
1.300E+02 3.953E+O0 6.868E-01 5.593SS-02 0.000E+OO 3.833E-01 1.960E-01 6.925E-03
1.400E+02 4.269E+O0 7.364E-01 6.143E-02 0.000E+OO 4.097E-01 2.072E-01 6.124E-03
1.500E+02 4.585E+O0 7.822E-01 6.674E-02 0.000E+OO 4.322E-01 2.168E-01 5.759E-03

TOTAL

5.445E-01
6.308E-01
6.965E-01
7.578E-01
8.247E-01
9.085E-01
1.121E+O0
1.334E+O0
1.554E+O0
1.785E+O0
2.021E+O0
2.239E+O0
2.465E+O0
2.679E+O0
2.891E+O0
3.101E+OO
3.394E+O0
3.617E+O0
3.831E+O0
4.040E+O0
4.467E+O0
4.882E+O0
5.282E+O0
5.690E+O0
6.089E+O0
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EVALUATION OF n + 57Fe CROSS SECTIONS FOR THE ENERGY
RANGE 1.OE-11 to 150 MeV

M. B. Chadwick, P. G. Young, and A. J. Koning
6 September 1996

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
neutron energy range from 1.OE-11 to 150 MeV. The discussion
here is divided into the region below and above 20 MeV.

INCIDENT NEUTRON ENERGIES c 20 MeV

Below 20 MeV the evaluation is based completely on the ENDF/B-
VI.1 (Release 1) evaluation by He91 (see also Fu86) . The
following modifications were made to the ENDF/B-VI.l evaluation:

1. The

2. The

covariance files (MF=33) were removed from the file.

derived MF=3 files for MT=203,205,207 were removed.

INCIDENT NEUTRON ENERGIES > 20 MeV

The evaluation above 20 MeV utilizes MF=6, MT=5 to represent
all reaction data. Production cross sections and emission
spectra are given for neutrons, protons, deuterons, tritons,
alpha particles, gamma rays, and all residual nuclides produced
(A>5) in the reaction chains. To summarize, the ENDF sections
with non-zero data above En = 20 MeV are:

MF=3 MT= 1
MT= 2
MT= 3
MT= 5

MF=4 MT= 2

MF=6 MT= 5

Total Cross Section
Elastic Scattering Cross Section
Nonelastic Cross Section
Sum of. Binary (n,n’) and (n,x) Reactions

Elastic Angular Distributions

Production Cross Sections and Energy-Angle
Distributions for Emission Neutrons, Protons,
Deuterons, and Alphas; and Angle-Integrated
SDectra for Gamma Rays and Residual Nuclei That
A>e Stable Against Particle Emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
Fe56 and p + Fe56 reactions (Ch96a) . We use the GNASH code
system (Y092) , which utilizes Hauser-Feshbach statistical,
preequilibrium and direct-reaction theories. Spherical optical
Tledel calcul.a-ticms are used tO obtairl pa~EIC~~ trafis~li~siefi
coefficients for the Hauser-Feshbach calculations, as well as
for -the elastic neutron angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions that exceed a cross section of
approximately 1 nb at any energy. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A model was developed to calculate the energy distributions of



all recoil nuclei in the GNASH calculations (Ch96b) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. Note
that all other data in MT=5,MF=6 are given in the center-of-mass
system. This method of representation requires a modification of
the original ENDF-6 format.

Preequilibrium,corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85), validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyuk (Ig75) and pairing and shell
parameters from the Cook (C067) analysis. Neutron and charged-
particle transmission coefficients were obtained from the
optical potentials, as discussed below. Gamma-ray transmission
coefficients were calculated using the Kopecky-Uhl model (K090) .

The neutron optical model potential of Arthur et al. (Ar80)
was used to calculate transmission coefficients and cross
sections with the SCAT2 code (Be92) up to a neutron energy of 26
MeV. Between 26 and 52 MeV, the imaginary volume component of
Arthur’s potential was modified to better account for nonelastic
cross section measurements, and above 52 MeV the Semmering
potential of Madland (Ma88) was used. For protons, the
Beccetti-Greenlees potential (Be69) was utilized below 28 MeV,
and the Madland potential (Ma88) was used at higher energies.
The global spherical potential of Perey (Pe63) was utilized for
deuterons, and the potential of Beccetti-Greenlees (Be) was
adopted for tritons. Finally, the alpha potential of Lemos
(Le72) , as adapted by Arthur et al. (Ar80), was used for alpha
particles.

Direct reaction cross sections to discrete states were
calculated with the ECIS95 code [Re95] using deformation
parameters compiled in Nuclear Data Sheets.

We used the same values for the total, elastic, and nonelastic
cross sections (MF=3, MT=1,2,3) above 20 MeV as were used in the
n + 56Fe evaluation.

***************** ***************** ***************** *************

REFERENCES

[Ar80] . E.D. Arthur and P.G. Young, ‘Evaluation of Neutron
Cross Sections to 40 MeV for 54,56Fe, ” Proc. Sym. on Neutron
Cross Sections from 10 to 50 MeV, 12-14 May 1980, Brookhaven
National Laboratory [Eds. M. R. Bhat and S. Pearlstein, BNL-NCS-
51245, 1980] p. 731.

[Be69] . F.D. Becchetti, Jr., and G.W. Greenlees, Phys. Rev.
182, 1190 (1969).

[Be71] . F.D. Becchetti, Jr., and G.W. Greenlees in
!lpOIarizat-ion PPLenomer~a in Nuclear Reactlor~s~ “ {~~: ~.~.

Barschall and W. Haeberli, The University of Wisconsin Press,
1971) p.682.

[Be92] . 0. Bersillon, “SCAT2 - A Spherical Optical Model Code,”
in Proc. ICTP Workshop on Computation and Analysis of Nuclear
Data Relevant to Nuclear Energy and Safety, 10 February-13
March, 1992, Trieste, Italy, to be published in World Scientific
Press, and Progress Report of the Nuclear Physics Division,



Bruyeres-le-Chatel 1977, CEA-N-2037, p.111 (197”8).

[Ch93] . M. B. Chadwick and P. G. Young, “Feshbach-Kerman-Koonin
Analysis of 93Nb Reactions: P --> Q Transitions and Reduced
Importance of Multistep Compound Emission, ” Phys. Rev. C 47,
2255 (1993) .

[Ch96a] . M. B. Chadwick and P. G. Young, “GNASH Calculations of
n,p + 54,56,57,58Fe and Benchmarking of Results” in APT PROGRESS
REPORT : 1 August - 1 September 1996, internal Los Alamos
National Laboratory memo T-2-96/MS-52, 6 Aug. 1996 from R.E.
MacFarlane to L. Waters.

[Ch96b]. M. B. Chadwick, P. G. Young, R. E. MacFarlane, and A.
J. Koning, llHi9h_Energy Nuclear Data Libraries fOr Accelerator–

Driven Technologies: Calculational Method for Heavy Recoils, ”
Proc. of 2nd Int. C!ofif.on Accelerator Driven Transmutation
Technology and Applications, Kalmar, Sweden, 3-7 June 1996.

[C067] . J. L. Cook, H. Ferguson, and A. R. Musgrove, “Nuclear
Level Densities in Intermediate and Heavy Nuclei, ” Aust.J.Phys.
20, 477 (1967).

[FU86] . C. Y. Fu and D. M. Hetrick, ORNL/TM-9964, ENDF-341
(1986) .

[He91] . D. M. Hetrick and C. Y. Fu, ENDF/B-VI.l Evaluation of n
+ 57Fe, personal comm., (1991) .

[Ig75]. A. V. Ignatyuk, G. N. Smirenkin, and A. S. Tishin,
“Phenomenological Description of the Energy Dependence of the
Level Density Parameter, ” Sov. J. Nucl. Phys. 21, 255 (1975) .

[Ka77] . C. Kalbach, “The Griffin Model, Complex Particles and
Direct Nuclear Reactions, “ Z.Phys.A 283, 401 (1977) .

[Ka85] . C. Kalbach, “PRECO-D2: Program for Calculating
Preequilibrium and Direct Reaction Double Differential Cross
Sections, “ Los Alamos National Laboratory report LA-10248-MS
(1985) .

[Ka88] . C. Kalbach, ‘lSystematics of Continuum Angular
Distributions : Extensions to Higher Energies, ” Phys.Rev.C 37,
2350 (1988); see also C. Kalbach and F. M. Mann, “Phenomenology
of Continuum Angular Distributions. I. Systematic and
Parameterization, ” Phys.Rev.C 23, 112 (1981) .

[K090] . J. Kopecky and M. Uhl, “Test of Gamma-Ray Strength
Functions in Nuclear Reaction Model Calculations, ” Phys.Rev.C
42, 1941 (1990).

[Le72] . 0. F. Lemos, “Diffusion Elastique de Particles Alpha
de 21 a 29.6 MeV sur des Noyaux de la Region Ti-Zn,” Orsay
report, Series A, No. 136 (1976) .

[Ma88] . D.G. Madland, I!Recent Results in the Development of a
Global Medium-Energy Nucleon-Nucleus Optical-Model Potential, ”
Proc. OECD/NEANDC Specialist’s Mtg. on Preequilibrium Nuclear
Reactions, Semmering, Austria, 10-12 Feb. 1988, NEANDC-245 ‘U’
(1988) .



[Pe63] . C. M. Perey and F. G. Perey, Phys.

[Re95] . J. Raynal, “Notes on ECIS94, ” CEA
report,Saclay (1995) .

[Y092] . P. G. Young, E. D. Arthur, and M.
“Comprehensive Nuclear Model Calculations:
Theo~y and Use of the GNASH Co_de 11

Rev. 132, 755 (1963) .

informal

B. Chadwick,
Introduction

LA-12343-MS (1992).
to the



nfe57.la150 .out.xsinfo Wed May 20 11:29:54 1998 1

26057 = TARGET 1000Z+A (if A=O then elamantal)
1 = PROi17?CTILE 1000z+A

Nonelastic, elastic, and Production cross sections for A<5 ejectiles in barns:
Energy nonelas elastic neutron proton deuteron triton helium3 alpha gamma

2.000E+O1 1.296E+O0 9.424E-01 ~ 1.449E-01 2.209E-02 1.973E-03 0.000E+OO 5.093E-02 3.950E+00
2.200E+01 1.240E+O0 9.979E-01 2.028E+O0 1.786E-01 2.738E-02 2.681E-03 0.000E+OO 5.325E-02 3.811E+O0
2.400E+01 1.177E+O0 1.053E+O0 2.003E+O0 2.082E-01 3.213E-02 3.359E-03 0.000E+OO 5.341E-02 3.452E+O0
2.600E+01 1.117E+O0 1.135E+O0 1.991E+O0 2.290E-01 3.600E-02 3.974E-03 0.000E+OO 5.330E-02 3.126E+O0
2.800E+01 1.084E+O0 1.206E+O0 2.O1lE+OO 2.513E-01 4.019E-02 4.573E-03 0.000E+OO 5.389E-02 2.945E+O0
3.000E+O1 1.063E+O0 1.267E+O0 2.037E+O0 2.743E-01 4.416E-02 5.099E-03 0.000E+OO 5.533E-02 2.838E+O0
3.500E+01 1.012E+O0 1.422E+O0 2.045E+O0 3.237E-01 4.965E-02 6.026E-03 0.000E+OO 5.893E-02 2.739E+O0
4.000E+O1 9.637E-01 1.536E+O0 2.024E+O0 3.692E-01 5.354E-02 6.609E-03 0.000E+OO 5.962E-02 2.625E+O0
4.500E+01 9.265E-01 1.593E+O0 2.045E+O0 4.1OOE-O1 5.673E-02 7.043E-03 O.OOOE+OO 6.053E-02 2.445E+O0
5.000E+O1 9.004E-01 1.600E+O0 2.085E+O0 4.535E-01 5.927E-02 7.440E-03 0.000E+OO 6.391E-02 2.294E+O0
5.500E+01 8.778E-01 1.587E+O0 2.131E+O0 5.067E-01 6.034E-02 7.609E-03 0.000E+OO 6.922E-02 2.206E+O0
6.000E+O1 8.578E-01 1.547E+O0 2.168E+O0 5.532E-01 6.164E-02 7.967E-03 0.000E+OO 7.381E-02 2.103E+OO
6.500E+01 8.399E-01 1.488E+O0 2.226E+O0 5.950E-01 6.155E-02 8.698E-03 0.000E+OO 8.139E-02 2.014E+O0
7.000E+O1 8.236E-01 1.428E+O0 2.259E+O0 6.308E-01 6.395E-02 9.395E-03 0.000E+OO 8.786E-02 1.883E+O0
7.500E+01 8.087E-01 1.352E+O0 2.295E+06 6.685E-01 6.477)3-02 1.018E-02 0.000E+OO 9.399E-02 1.825E+O0
8.000E+O1 7.949E-01 1.279E+O0 2.335E+O0 7.074E-01 6.416E-02 1.131E-02 0.000E+OO 1.015E-01 1.809E+O0
8.500E+01 7.823E-01 1.218E+O0 2.381E+O0 7.571E-01 6.640E-02 1.245E-02 0.000E+OO 1.082E-01 1.786E+O0
9.000E+O1 7.705E-01 1.159E+O0 2.415E+O0 7.896E-01 6.776E-02 1.354E-02 0.000E+OO 1.137E-01 1.749E+O0
9.500E+01 7.596E-01 1.090E+O0 2.447E+O0 8.171E-01 6.906E-02 1.470E-02 0.000E+OO 1.191E-01 1.714E+O0
1.000E+02 7.494E-01 1.037E+O0 2.483E+O0 8.449E-01 7.009E-02 1.619E-02 0.000S+00 1.255E-01 1.700E+O0
1.1OOE+O2 7.307E-01 9.113E-01 2.533E+O0 8.920E-01 7.313E-02 1.882E-02 0.000E+OO 1.355E-01 1.655E+O0
1.200E+02 7.141E-01 8.009E-01 2.580E+O0 9.380E-01 7.650E-02 2.194E-02 0.000E+OO 1.460E-01 1.583E+O0
1.300E+02 6.992E-01 7.028E-01 2.613E+O0 9.769E-01 7.958E-02 2.496E-02 0.000E+OO 1.550E-01 1.536E+O0
1.400E+02 6.857E-01 6.243E-01 2.636E+O0 1.019E+O0 8.168E-02 2.839E-02 0.000E+OO 1.644E-01 1.526E+O0
1.500E+02 6.734E-01 5.896E-01 2.663E+O0 1.051E+O0 8.442E-02 3.162E-02 0.000E+OO 1.719E-01 1.476E+O0

26057 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

Karma coefficients in units of f.Gy.mA2:
Energy proton deuteron triton helium3 alpha non-ret elas-rec TOTAL

2.000E+O1 1.687E-01 3.101E-O2 2.131E-03 0.000E+OO 8.734E-02 9.486E-02 1.833E-02 4.024E-01
2.200E+01 2.127E-01 4.384E-02 3.295E-03 0.000E+OO 9.351E-02 9.843E-02 2.902E-02
2.400E+01 2.547E-01 5.780E-02 4.609E-03 0.000E+OO 9.608E-02 1.002E-01 3.181E-02
2.600E+01 2.942E-01 7.146E-02 5.986E-03 0.000E+OO 9.746E-02 1.O1lE-01 3.493E-02
2.800E+01 3.437E-01 8.726E-02 7.468E-03 0.000E+OO 1.003E-01 1.037E-01 3.574E-02
3.000E+O1 3.989E-01 1.043E-01 8.953E-03 0.000E+OO 1.042E-01 1.066E-01 3.532E-02
3.500E+01 5.432E-01 1.395E-01 1.229E-02 0.000E+OO 1.136E-01 1.132E-01 3.303E-02
4.000E+O1 6.934E-01 1.770E-01 1.531E-02 0.000E+OO 1.183E-01 1.183E-01 3.031E-02
4.500E+01 8.496E-01 2.163E-01 1.807E-02 0.000E+OO 1.227E-01 1.231E-01 2.742E-02
5.000E+O1 1.013E+O0 2.537E-01 2.066E-02 0.000E+OO 1.309E-01 1.284E-01 2.460E-02
5.500E+01 1.188E+O0 2.838E-01 2.193E-02 0.000E+OO 1.413E-01 1.340E-01 1.995E-02
6.000E+O1 1.359E+O0 3.148E-01 2.388E-02 0.000E+OO 1.514E-01 1.386E-01 1.825E-02
6.500E+01 1.518E+O0 3.312E-01 2.599E-02 0.000E+OO 1.666E-01 1.434E-01 1.671E-02
7.000E+O1 1.677E+O0 3.717E-01 2.797E-02 0.000E+OO 1.798E-01 1.490E-01 1.544E-02
7.500E+01 1.837E+O0 3.971E-01 2.997E-02 0.000E+OO 1.929E-01 1.527E-01 1.418E-02
8.000E+O1 1.993E+O0 4.004E-01 3.228E-02 0.000E+OO 2.087E-01 1.558E-01 1.31OE-O2
8.500E+01 2.197E+O0 4.329E-01 3.492E-02 0.000E+OO 2.237E-01 1.601E-01 1.225E-02
9.000E+O1 2.365E+O0 4.591E-01 3.714E-02 0.000E+OO 2.365E-01 1.628E-01 1.149E-02
9.500E+01 2.528E+O0 4.845E-01 3.933E-02 0.000E+OO 2.489E-01 1.655E-01 1.069E-02
1.000E+02 2.687E+O0 4.987E-01 4.186E-02 0.000E+OO 2.633E-01 1.683E-01 1.007E-02
1.1OOE+O2 3.O1lE+OO 5.518E-01 4.638E-02 0.000E+OO 2.870E-01 1.722E-01 8.745E-03
1.200E+02 3.327E+O0 6.020E-01 5.149E-02 0.000E+OO 3.118E-01 1.763E-01 7.627E-03
1.300E+02 3.643E+O0 6.515E-01 5.639E-02 0.000E+OO 3.335E-01 1.847E-01 6.660E-03
1.400E+02 3.959E+O0 6.702E-01 6.188E-02 0.000E+OO 3.564E-01 1.940E-01 5.895E-03
1.500E+02 4.271E+O0 7.078E-01 6.705E-02 0.000E+OO 3.754E-01 2.028E-01 5.548E-03

4.808E-01
5.451E-01
6.052E-01
6.782E-01
7.582E-01
9.549E-01
1.153E+O0
1.357E+O0
1.571E+O0
1.789E+O0
2.006E+O0
2.202E+O0
2.421E+O0
2.624E+O0
2.804E+O0
3.061E+O0
3.272E+O0
3.477E+O0
3.669E+O0
4.077E+O0
4.476E+O0
4.876E+O0
5.247E+O0
5.629E+O0
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EVALUATION OF n + 58Ni CROSS SECTIONS FOR THE ENERGY

S. Chiba, M. B.

This evaluation

RANGE 1.OE-11 to 150 MeV

Chadwick, P. G. Young, and A. J. Koning
22 Sept. 1997

provides a complete representation of the
nuclear data neede~ for transpor~, damag~, heating,
radioactivity, and shielding applications over the incident
neutron energy range from 1.OE-11 to 150 MeV. The discussion
here is divided into the region below and above 20 MeV.

INCIDENT NEUTRON ENERGIES < 20 MeV

Below 20 MeV the evaluation is based completely on the ENDF/B-
VI.5 (Release 2) evaluation by Larson, C. Perey, Hetrich, and
Fu .

INCIDENT NEUTRON ENERGIES > 20 MeV

The ENDF/B-VI Release 2 evaluation extends to 20 MeV and
includes cross sections and energy-angle data for all
significant reactions. The present evauation utilizes a more
compact composite reaction spectrum representation above 20 MeV
in order to reduce the length of the file. No essential data for
applications is lost with this representation.

The evaluation above 20 MeV utilizes MF=6, MT=5 to represent
all reaction data. Production cross sections and emission
spectra are given for neutrons, protons, deuterons, tritons,
alpha particles, gamma rays, and all residual nuclides produced
(A>5) in the reaction chains. To summarize, the ENDF sections
with non-zero

MF=3 MT=
MT=
MT=
MT=

MF=4 MT=

MF=6 MT=

1
2
3
5

2

5

data above En = 20 MeV are:

Total Cross Section
Elastic Scattering Cross Section
Nonelastic Cross Section
Sum of ’Binary (n,n’) and (n,x) Reactions

Elastic Angular Distributions

Production Cross Sections and Enerqy-Anqle
Distributions for Emission Neutron~~ Pr~tons,
Deuterons, Tritons, and Alphas; and Angle-
Integrated Spectra for Gamma Rays and Residual
Nuclei That Are Stable Against Particle Emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
Ni58 and p + Ni58 reactions (Ch97). We use the GNASH code system
(Y092) , which utilizes Hauser-Feshbach statistical,
prwqlilbx.ilm and. dixec~.-reactiom thecxri_- ,>hlric~-npt.ifl~
model calculations are used to obtain particle transmission
coefficients for the Hauser-Feshbach calculations, as well as
for the elastic neutron angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88).
A model was developed to calculate the energy distributions of



all recoil nuclei in the GNASH calculations (Ch96) . The recoil
energy distributions_are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. All
other data in MT=5,MF=6 are given in the center-of-mass system.
This method of representation utilizes the LCT=3 option approved
at the November, 1996, CSEWG meeting.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85) , validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch931 . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Gilbert and Cameron (Gi65) and pairing
and shell parameters from the Cook (C067) analysis. Neutron and
charged- particle transmission coefficients were obtained from
the optical potentials, as discussed below. Gamma-ray
transmission coefficients were calculated using the Kopecky-Uhl
model (K090) .

SOME Ni-SPECIFIC INFORMATION CONCERNING THE EVAL.

The neutron total cross section was evaluated based on the
least-squares method with GMA code system (P081) taking account of
the experimental data(Ci68, Pe73, SC73, La83, Sm92, Di97) . The
data for natural Ni was used above 20 MeV because there was no
data for Ni-58 at this energy region. The data for natural Ni were
transformed to the Ni-58 cross section according to A*(2/3) law.
In the GMA analysis, the systematic error was assumed to be 1 %
for all the data set. Result of the GMA evaluation was used as
the evaluated total cross section data above 20 MeV.

The evaluated total cross section data (1 to 250 MeV), s-wave
strength function(Mu81) , and elastic scattering angular
distribution data (Sm92, Gu85, Tu73, Pe88, Ya79) were used to
obtain the neutron optical potential parameters. The parameter
estimation was carried out based on Marquart-Bayesian approach
(Sm91) , where ECIS95 code (Ra96) was used for the optical model
calculation. We have employed the energy dependence of the
optical potential similar to Delaroche’s work(De89) . The initial
potential parameters were adopted from Koning and Delaroche
(K097) . Total of 17 parameters concerning the central potential
were estimated with associated covariance matrix. Presently
obtained potential was used for the calculation of neutron
transmission coefficients and DWBA cross sections in the entire
energy region above 20 MeV. Below 20 MeV, the Harper neutron
potential (Ha82) was used.

The proton optical potential was also searched for to obtain a
good description of proton-total reaction cross section as
predicted by Wellisch-Axen systematic (We96) above 50 MeV. The
parameter estimation was carried out by the Marquart-Bayesian
apprcach si.mil~- to th+ne=Erer.-0MP-, but tryir.g.te –seek the best
parameter to reproduce the reaction cross sections compiled by
Carlson (Ca96) and Wellisch values. In this search, the
geometrical parameters were fixed to be same as the neutron
potential. The present potential gives a good description of the
proton total reaction cross section above 10 MeV to 250 MeV.
However, after some trial and error to reproduce both the elastic
scattering and reaction cross section data, we have employed the
following combination of proton potentials:



o to 5 MeV : Harper potential (Ha82)
5 to 50 MeV : Koning and Delaroche (K097)

50 to 260 MeV : Present OMP

For deuterons, the Lohr-Haeberli (L074) global potential was used;
for alpha particles the McFadden-Satchler potential (Mc66) was
used; and for tritons the Beccheti-Greenlees (Be71) potential was
used. The He-3 channel was ignored.

The direct collective inelastic scattering to the following levels
in Ni-58 was considered by the DWBA-mode calculation of ECIS95
(Ra96) :

Jpi Ex(MeV) Deformation length
2+ 1.454
4+ 2.459
2+ 3.038
2+ 3.263
4+ 3.620
2+ 3.898
2+ 4.108
4+ 4.299
4+ 4.405
3- 4.475
4+ 4.757
4+ 5.438
4+ 5.472
2+ 5.749
4+ 5.766
2+ 5.906
3- 6.312
2+ 6.417
4+ 6.460
2+ 6.475
2+ 6.569
2+ 6.752
3- 6.854
2+ 6.983
4+ 7.051
4+ 7.068
3- 7.111
4+ 7.141
3- 7.210
2+ 7.272
3- 7.300
3- 7.420
3- 7.514
2+ 7.580
4+ 7.618
3- 7.858
4+ 7.860
~- 8..1.34
3- 8.797
3- 8.841
4+ 8.902
3- 9.012
3- 9.304
3- 9.379
4+ 9.436

—
0.900
0.350
0.242
0.306
0.246
0.111
0.063
0.127
0.329
0.708
0.403
0.151
0.080
0.048
0.086
0.115
0.1~8
0.068
0.098
0.065
0.056
0.141
0.296
0.116
0.090
0.086
0.079
0,112
0.323
0.088
0.063
0.048
0.171
0.051
0.083
0.106
0.097
n 7.A7-. x.-

0.097
0.112
0.072
0.056
0-.065
0.106
0.071

i,,



3- 9.458 0.082
4+ 9.588 0.052
4+ 9.632 0.080
3- 9.672 0.121
3- 9.835 0.083
3- 9.870 0.076
3- 9.929 0.061
3- 9.956 0.071

These data were retrieved from the literature (Nuclear Data
Sheets), or were evaluated by Koning [K097] .

Only 2 measurements exist for neutron-induced emission spectra
above 20 MeV for 58Ni: the (n,x alpha) data by Haight et al
(Ha97) , and (n,xp) data by Unman et al (U183) . Some of the level
density parameters were adjusted to give a good description of
these data. Our starting point was the Gilbert-Cameron analysis
of FU [FU96] , who studied the extreme sensitivity of calculated
cross sections on level densities for an IAEA CRP. Fu matched the
experimental D-O value (14.4 keV) in 55Fe, and experimental
neutron, alpha, and proton emission data, by modifying the level
density a parameters. We modified Fu’s 58Ni level density by 5% to
a=6.5 to better describe Haight’s data at 14 MeV. Above 14 MeV,
where (n,na) and (n,pa) become important, we”increased the default
level density a parameters in 54Fe and 54Mn by 7.5% to obtain an
improved agreement of the Haight data in the 40-50 MeV range (no
direct experimental information constrains these level densities) .
See Ref. [Ch97] for benchmark comparisons of the evaluation with
measured data.

***************** ***************** ***************** *************
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28058 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000z+A

Nonelastic, elastic, and Production cross sections for Ac5 ejectiles in barns:
Energy nonelas elastic neutron proton deuteron triton helium3

2.000E+O1 1.308E+O0 1.020E+O0’’ 1.136E+O0 9.530E-01 3.667E-02 1.054E-03 0.000E+OO
2.200E+01 1.270E+o0 1.026E+O0 1.108E+OO 9.844E-01 4.302E-02 1.758E-03 0.000E+OO
2.400E+01 1.234E+O0 1.055E+O0 1.096E+O0 1.013E+O0 4.869E-02 2.370E-03 0.000E+OO
2.600E+01 1.198E+O0 1.088E+O0 1.102E+OO 1.029E+O0 5.386E-02 3.080E-03 0.000E+OO
2.800E+01 1.165E+O0 1.154E+O0 1.113E+O0 1.042E+O0 5.873E-02 3.776E-03 0.000E+OO
3.000E+O1 1.136E+O0 1.218E+O0 1.121E+O0 1.060E+O0 6.289E-02 4.409E-03 0.000E+OO
3.500E+01 1.076E+O0 1.369E+O0 1.152E+O0 1.098E+O0 6.926E-02 5.724E-03 0.000E+OO
4.000E+O1 1.032E+O0 1.482E+O0 1.179E+O0 1.141E+O0 7.430E-02 6.788E-03 0.000E+OO
4.500E+01 1.00IE+OO 1.566E+O0 1.243E+O0 1.198E+O0 7.802E-02 7.802E-03 0.000E+OO
5.000E+O1 9.797E-01 1.600E+O0 1.319E+O0 1.274E+O0 7.981E-02 8.922E-03 0.000E+OO
5.500E+01 9.647E-01 1.602E+O0 1.391E+O0 1.346E+O0 8.373E-02 1.004E-02 0.000E+OO
6.000E+O1 9.529E-01 1.580E+O0 1.462E+O0 1.412E+O0 8.821E-02 1.128E-02 0.000E+OO
6.500E+01 9.425E-01 1.517E+O0 1.539E+O0 1.479E+O0 9.273E-02 1.301E-02 0.000E+OO
7.000S+01 9.322E-01 1.454E+O0 1.588E+O0 1.528E+O0 9.664E-02 1.483E-02 0.000E+OO
7.500E+01 9.218E-01 1.393E+O0 1.644E+O0 1.575E+O0 1.021E-01 1.676E-02 0.000E+OO
8.000E+O1 9.109E-O1 1.325E+O0 1.695E+O0 1.615E+O0 1.082E-01 1.91OE-O2 0.000E+OO
8.500E+01 8.996E-01 1.239E+O0 1.733E+O0 1.646E+O0 1.137E-01 2.123E-02 0.000E+OO
9.000E+O1 8.879E-01 1.166E+O0 1.763E+O0 1.670E+O0 1.191E-01 2.340E-02 0.000E+OO
9.500E+01 8.761E-01 1.094E+O0 1.794E+O0 1.695E+O0 1.248E-01 2.592E-02 0.000E+OO
1.000E+02 8.643E-01 1.044E+O0 1.815E+O0 1.711E+O0 1.295E-01 2.808E-02 0.000E+OO
1.1OOE+O2 8.409E-01 8.908E-01 1.851E+O0 1.731E+O0 1.375E-01 3.231E-02 0.000E+OO
1.200E+02 8.184E-01 7.884E-01 1.874E+O0 1.738E+O0 1.449E-01 3.671E-02 0.000E+OO
1.300E+02 7.972E-01 7.005E-01 1.883E+O0 1.743E+O0 1.505E-01 4.090E-02 0.000E+OO
1.400E+02 7.774E-01 6.232E-01 1.864E+O0 1.735E+O0 1.549E-01 4.379E-02 0.000E+OO
1.500E+02 7.591E-01 5.672E-01 1.833E+O0 1.723E+O0 1.588E-01 4.666E-02 0.000E+OO

28058 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

Karma coefficients in units of f.Gy.mA2:
Energy proton deuteron txiton helium3 alpha non-ret elas-rec

2.000E+O1 9.475E-01 5.870E-02 1.042E-03 0.000E+OO 2.076E-01 1.053E-01 2.550E-02
2.200E+01 1.014E+O0 7.719E-02 2.032E-03 0.000E+OO 2.363E-01 1.116E-01 2.634E-02
2.400E+01 1.076E+O0 9.632E-02 3.077E-03 0.000E+OO 2.578E-01 1.165E-01 2.809E-02
2.600E+01 1.128E+O0 1.163E-01 4.457E-03 0.000E+OO 2.714E-01 1.200E-01 2.899E-02
2.800E+01 1.189E+O0 1.377E-01 6.023E-03 0.000E+OO 2.790E-01 1.227E-01 3.002E-02
3.000E+O1 1.258E+O0 1.592E-01,,,7.668E-03 0.000E+OO 2.81OE-O1 1.246E-01 3.042E-02
3.500E+01 1.435E+O0 2.077E-01 1.182E-02 0.000E+OO 2.930E-01 1.318E-01 2.9918+02
4.000E+O1 1.639E+O0 2.606E-01 1.587E-02 0.000E+OO 3.040E-01 1.386E-01 2.813E-02
4.500E+01 1.857E+O0 3.106E-O1 1.982E-02 0.000E+OO 3.185E-01 1.457E-01 2.620E-02
5.000E+O1 2.094E+O0 3.440E-01 2.380E-02 0.000E+OO 3.383E-01 1.530E-01 2.399E-02
5.500E+01 2.332E+O0 3.882E-01 2.747E-02 0.000E+OO 3.617E-01 1.608E-01 2.193E-02
6.000E+O1 2.573E+O0 4.319E-01 3.124E-02 0.000E+OO 3.852E-01 1.680E-01 2.006E-02
6.500E+01 2.804E+O0 4.664E-01 3.517E-02 0.000E+OO 4.235E-01 1.766E-01 1.811E-02
7.000E+O1 3.026E+O0 4.929E-01 3.909E-02 0.000E+OO 4.602E-01 1.842E-01 1.651E-02
7.500E+01 3.239E+O0 5.31OE-O1 4.305E-02 0.000E+OO 4.960E-01 1.91OE-O1 1.520E-02
8.000E+OI 3.437E+O0 5.669E-01 4.740E-02 0.000E+OO 5.355E-01 1.973E-01 1.400E-02
8.500E+01 3.629E+O0 6.027E-01 5.150E-02 0.000E+OO 5.695E-01 2.020E-01 1.275E-02
9.000E+O1 3.813E+O0 6.372E-01 5.556E-02 0.000E+OO 6.020E-01 2.059E-01 1.174E-02
9.500E+01 3.986E+O0 6.707E-01 6.003E-02 0.000E+OO 6.382E-01 2.0943+01 1.082E-02
1.000E+02 4.156E+O0 7.022E-01 6.401E-02 0.000E+OO 6.683E-01 2.112E-01 1.017E-02
1.1OOE+O2 4.490E+O0 7.532E-01 7.169E-02 0.000E+OO 7.234E-01 2.120E-01 8.484E-03
1.200E+02 4.808E+O0 7.996E-01 7.9378+02 0.000E+OO 7.806E-01 2.092E-01 7.389E-03
1.300E+02 5.117~+00 8.295E-01 8.631E-02 0.000E+OO 8.326E-01 2.095E-01 6.491E-03
1.400E+02 5.416E+O0 8.798E-01 9.048E-02 0.000E+OO 8.687E-01 2.081E-01 5.728E-03
1,500E+02 5.699E+O0 9.286E-01 9.409E-02 0.000E+OO 9.026E-01 2.062E-01 5.187E-03

alpha gamma

1.275E-01 2.766E+O0
1.431E-01 2.868E+O0
1.534E-01 2.882E+O0
1.584E-01 2.828E+O0
1.600E-01 2.725E+O0
1.585E-01 2.633E+O0
1.602E-01 2.456E+O0
1.612E-01 2.364E+O0
1.647E-01 2.257E+O0
1.715E-01 2.182E+O0
1.802E-01 2.137E+O0
1.890E-01 2.091E+O0
2.060E-01 2.063E+O0
2.219E-01 1.984E+O0
2.371E-01 1.972E+O0
2.540E-01 1.965E+O0
2.681E-01 3..943E+OO
2.812E-01 1.925E+O0
2.960E-01 1.894E+O0
3.077E-01 1.862E+O0
3.281E-01 1.751E+O0
3.494E-01 1.692E+O0
3.677E-01 1.604E+O0
3.785E-01 1.526E+O0
3.879E-01 1.434E+O0

TOTAL

1.346E+O0
1.468E+O0
1.577E+O0
1.669E+O0
1.765E+O0
1.861E+O0
2.109E+OO
2.386E+O0
2.678E+O0
2.977E+O0
3.292E+O0
3.61OE+OO
3.924E+O0
4.219E+O0
4.515E+O0
4.798E+O0
5.067E+O0
5.325E+O0
5.575E+O0
5.812E+O0
6.259E+O0
6.684E+O0
7.081E+O0
7.469E+O0
7.836E+O0
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EVALUATION OF n + 60Ni CROSS SECTIONS FOR THE ENERGY

S. Chiba, M. B.

This evaluation

RANGE 1.OE-11 to 150 MeV

Chadwick, P. G. Young, and A. J. Koning
22 Sept. 1997

provides a complete re~resentation of the
nuclear data needed for transpork, darnag~, heating,
radioactivity, and shielding applications over the incident
neutron energy range from 1.OE-11 to 150 MeV. The discussion
here is divided into the region below and above 20 MeV.

INCIDENT NEUTRON ENERGIES c 20 MeV

Below 20 MeV the evaluation is based completely on the ENDF/B-
VI.5 (Release 2) evaluation by Larson, C. Perey, Hetrich, and
Fu .

INCIDENT NEUTRON ENERGIES > 20 MeV

The ENDF/B-VI Release 2 evaluation extends to 20 MeV and
includes cross sections and energy-angle data for all
significant reactions. The present evaluation utilizes a more
compact composite reaction spectrum representation above 20 MeV
in order to reduce the length of the file. No essential data for
applications is lost with this representation.

The evaluation above 20 MeV utilizes MF=6, MT.5 to represent
all reaction data. Production cross sections and emission
spectra are given for neutrons, protons, deuterons, tritons,
alpha particles, gamma rays, and all residual nuclides produced
(A>5) in the reaction chains. To summarize, the ENDF sections
with non-zero data above En = 20 MeV are:

MF=3 MT= 1 Total Cross Section
MT= 2 Elastic Scattering Cross Section
MT= 3 Nonelastic Cross Section
MT= 5 Sum of Binary (n,n’) and (n,x) Reactions

MF=4 MT= 2 Elastic Angular Distributions

MF=6 MT= 5 Production Cross Sections and Energy-Angle
Distributions for Emission Neutrons, Protons,
Deuterons, Tritons, and Alphas; and Angle-
Integrated Spectra for Gamma Rays and Residual
Nuclei That Are Stable Against Particle Emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
Ni58 and p + Ni58 reactions (Ch97) . We use the GNASH code system
(Y092) , which utilizes Hauser-Feshbach statistical,
preequilibrium and direct-reaction theories. Spherical optical
model calculations are used to obtain particle transmission
coefficients for the Hauser-Feshbach calculations, as well as
for the elastic neutron angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic

(Ka88) .
A model was developed to calculate the energy distributions of



all recoil nuclei in the GNASH calculations (Ch96) . The recoil
energy distributions are represented in the laboratory system in
P4T=5, MF=6, and are given as isotropic in the lab system. All
other data in MT=5,MF=6 are given in the center-of-mass system.
This method of representation utilizes the LCT=3 option approved
at the November, 1996, CSEWG meeting.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85), validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch931 . Discrete level data from
fiuclear data sheets were matched to continuum level densities
using the formulation of Gilbert and Cameron (Gi65) and pairing
and shell parameters from the Cook (C067) analysis. Neutron and
charged- particle transmission coefficients were obtained from
the optical potentials, as discussed below. Gamma-ray
transmission coefficients were calculated using the Kopecky-Uhl
model (K090) .

SOME Ni-SPECIFIC INFORMATION CONCERNING THE EVAL.

The neutron total cross section was evaluated based on the
least-squares method taking account of the experimental
data((Du67, B071, St71, Sm79, Fe80, Pe82, Ha82a, Di97). The data
for natural Ni (Di97) was also used because there was not enough
data for Ni-60 above 20 MeV. The data for natural Ni were
transformed to the Ni-60 cross section according to A*(2/3) law.
Result of this estimation was used as the evaluated total cross
section data above 20 MeV.

The evaluated total cross section data (1 to 250 MeV), s-wave
strength function (MU81) and elastic scattering angular
distribution data (B071, Gu85, Tu73, Ya79) were used to obtain the
neutron optical potential parameters. The parameter estimation was
carried out based on Marquart-Bayesian approach (Sm91) , where
ECIS95 code (Ra96) was used for the optical model calculation. We
have employed the energy dependence of the optical potential
similar to Delaroche’s work (De89) . The initial potential
parameters were adopted from Koning and Delaroche (K097) . A total
of 7 parameters concerning the central potential depth were
estimated with associated covariance matrix, while the geometrical
parameters were fixed to the result of a similar search for n +
Ni-58. Presently obtained potential was used for the calculation
of neutron transmission coefficients and DWBA cross sections in
the energy region above 20 MeV. Below 20 MeV, the Harper neutron
potential (Ha82b) was used for the calculation of transmission
coefficients.

The proton optical potential was also searched to obtain a good
description of proton-total reaction cross section as predicted by
Wellisch-Axen systematic (We96) above 50 MeV. The parameter
estimation was carried out by. the Marquart-Bayesian a~roach
similar to the neutron OMP, but trying to seek the best parameter
to reproduce the reaction cross sections compiled by Carlson
(Ca96) and Wellisch values. The experimental data in Carlson
(Ca96) was scaled for Ni-60 according to A**(2/3) law. In this
search, the geometrical parameters were fixed to be same as the
neutron potential. The,present potential gives a good description
of the proton total reaction cross section from 10 MeV to 250 MeV.
However, after some trial and error to reproduce both the elastic
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28060= TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

Nonelastic, elastic, and Production cross sections for A<5 ejectiles in barns:
Energy nonelas elastic neutron proton deuteron triton heliti alpha ganmla

2.000E+O1 1.348E+O0 1.033E+O0 1.822E+O0 3.878E-01 2.882E-02 8.594E-04 0.000E+OO 8.832E-02 3.361E+O0
2.200E+01 1.317E+O0 1.031E+O0 1.798E+O0 4.084E-01 3.294E-02 1.430E-03 0.000E+OO 9.432E-02 3.573E+O0
2.400E+01 1.280E+O0 1.060E+O0 1.770E+O0 4.348E-01 3.860E-02 1.993E-03 0.000E+OO 9.866E-02 3.629E+O0
2.600E+01 1.245E+O0 1.093E+O0 1.784E+O0 4.688E-01 4.299E-02 2.639E-03 0.000E+OO 1.015E-01 3.527E+O0
2.800E+01 1.212E+O0 1.160E+O0 1.815E+O0 5.043E-01 4.800E-02 3.269E-03 0.000E+OO 1.032E-01 3.367E+O0
3.000E+O1 1.182E+O0 1.225E+O0 1.857E+O0 5.395E-01 5.231E-02 3.847E-03 0.000E+OO 1.047E-01 3.166E+O0
3.500E+01 1.120E+O0 1.381E+O0 1.934E+O0 6.187E-01 5.984E-02 5.056E-03 0.000E+OO 1.11OE-O1 2.775E+O0
4.000E+O1 1.073E+O0 1.498E+O0 1.957E+O0 7.113E-01 6.493E-02 6.000E-03 0.000E+OO 1.172E-01 2.635E+O0
4.500E+01 1.039E+O0 1.587E+O0 2.006E+O0 8.127E-01 6.812E-02 6.792E-03 0.000E+OO 1.221E-01 2.556E+O0
5.000E+O1 1.015E+O0 1.623E+O0 2.089E+O0 9.044E-01 7.140E-02 7.548E-03 0.000E+OO 1.286E-01 2.496E+O0
5.500E+01 9.979E-01 1.628E+O0 2.179E+O0 9.862E-01 7.242E-02 8.263E-03 0.000E+OO 1.355E-01 2.445E+O0
6.000E+O1 9.847E-01 1.607E+O0 2.255E+O0 1.060E+O0 7.534E-02 8.965E-03 0.000E+OO 1.419E-01 2.41OE+OO
6.500E+01 9.732E-01 1.543E+O0 2.329E+O0 1.131E+O0 7.776E-02 9.614E-03 0.000E+OO 1.479E-01 2.348E+O0
7.000E+O1 9.622E-01 1.478E+O0 2.380E+O0 1.203E+O0 7.918E-02 1.022E-02 0.000E+OO 1.528E-01 2.190E+O0
7.500E+01 9.512E-01 1.417E+O0 2.423E+O0 1.257E+O0 8.118E-02 1.079E-02 0.000E+OO 1.578E-01 2.157E+O0
8.000E+O1 9.397E-01 1.348E+O0 2.482E+O0 1.311E+O0 8.266E-02 1.148E-02 0.000E+OO 1.653E-01 2.114E+O0
8.500E+01 9.279E-01 1.260E+O0 2.534E+O0 1.364E+O0 8.331E-02 1.219E-02 0.000E+OO 1.729E-01 2.032E+O0
9.000E+O1 9.158E-01 1.185E+O0 2.571E+O0 1.406E+O0 8.449E-02 1.290E-02 0.000E+OO 1.790E-01 2.00IE+OO
9.500E+01 9.034E-01 1.112E+O0 2.607E+O0 1.447E+O0 8.588E-02 1.382E-02 0.000E+OO 1.868E-01 1.982E+O0
1.000E+02 8.91OE-O1 1.061E+O0 2.633E+O0 1.477E+O0 8.684E-02 1.459E-02 0.000E+OO 1.925E-01 1.955E+O0
1.1OOE+O2 8.664E-01 9.049E-01 2.673E+O0 1.530E+O0 8.839E-02 1.638E-02 0.000E+OO 2.045E-01 1.916E+O0
1.200E+02 8.426E-01 8.008E-01 2.692E+O0 1.567E+O0 8.986E-02 1.807E-02 0.000E+OO 2.130E-01 1.867E+O0
1.300E+02 8.202E-01 7.117E-01 2.716E+O0 1.600E+O0 9.028E-02 1.996E-02 0.000E+OO 2.216E-01 1.818E+O0
1.400E+02 7.993E-01 6.333E-01 2.708E+O0 1.614E+O0 9.079E-02 2.139E-02 0.000E+OO 2.261E-01 1.772E+O0
1.500E+02 7.798E-01 5.768E-01 2.698E+O0 1.630E+O0 9.103E-O2 2.297E-02 0.000E+OO 2.298E-01 1.691E+O0

28060 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

Kerma coefficients in units of f.Gy.xnA2:
Energy proton deuteron tritm helium3 alpha non-ret elas-rec

2.000E+O1 4.O1OE-O1 4.122E-02 7.883E-04 0.000E+OO 1.398E-01 9.303E-02 2.340E-02
2.200E+01 4.552E-01 5.248E-02 1.515E-03 0.000E+OO 1.534E-01 9.902E-02 2.272E-02
2.400E+01 5.092E-01 6.842E-02 2.356E-03 0.000E+OO 1.642E-01 1.036E-01 2.438E-02
2.600E+01 5.681E-01 8.320E-02 3.476E-03 0.000E+OO 1.726E-01 1.075E-01 2.528E-02
2.800E+01 6.345E-01 1.015E-01 4.728E-03 0.000E+OO 1.788E-01 1.108E-O1 2.629E-02
3.000E+O1 7.077E-01 1.200E-01 6.035E-03 0.000E+OO 1.839E-01 1.138E-01 2.673E-02
3.500E+01 9.039E-01 1.648E-01 9.425E-03 0.000E+OO 1.997E-01 1.222E-01 2.648E-02
4.000E+O1 1.126E+O0 2.099E-01 1.272E-02 0.000E+OO 2.155E-01 1.299E-01 2.506E-02

4..5OOE+O1 1.363E+O0 2.498E-01 1.584E-02 0.000E+OO 2.292E-01 1.373E-01 2.346E-02
5.000E+O1 1.603E+O0 2.904E-01 1.882E-02 0.000E+OO 2.453E-01 1.450E-01 2.157E-02
5.500E+01 1.848E+O0 3.153E-01 2.159E-02 0.000E+OO 2.619E-01 1.522E-01 1.977E-02
6.000E+O1 2.086E+O0 3.522E-01 2.423E-02 0.000E+OO 2.776E-01 1.591E-01 1.814E-02
6.500E+01 2.327E+O0 3.865E-01 2.664E-02 0.000E+OO 2.926E-01 1.657E-01 1.641E-02
7.000E+O1 2.568E+O0 4.134E-01 2.886E-02 0.000E+OO 3.058E-01 1.713E-01 1.499E-02
7.500E+01 2.794E+O0 4.457E-01 3.088E-02 0.000E+OO 3.187E-01 1.754E-01 1.382E-02
8.000E+O1 3.015E+O0 4.728E-01 3.275E-02 0.000E+OO 3.362E-01 1.802E-01 1.274E-02
8.500E+01 3.234E+O0 4.905E-01 3.452E-02 0.000E+OO 3.536E-01 1.843E-01 1.162E-02
9.000E+O1 3.437E+O0 5.144E-01 3.619E-02 0.000E+OO 3.688E-01 1.874E-01 1.071E-02
9.500E+01 3.636E+O0 5.364E-01 3.795E-02 0.000E+OO 3.870E-01 1.905E-01 9.892E-03
1.000E+02 3.831E+O0 5.584E-01 3.946E-02 0.000E+OO 4.012E-01 1.926E-01 9.312E-03
1.1OOE+O2 4.204E+O0 5.931E-01 4.245E-02 0.000E+OO 4.309E-01 1.964E-01 7.788E-03
1.200E+02 4.561E+O0 6.337E-01 4.480E-02 0.000E+OO 4.544E-01 1.967E-01 6.800E-03
1.300E+02 4.909E+O0 6.489E-01 4.653E-02 0.000E+OO 4.779E-01 2.025E-01 5.989E-03
1.400E+02 5.240E+O0 6.849E-01 4.703E-02 0.000E+OO 4.930E-01 2.076E-01 5.299E-03
1.500E+02 5.564E+O0 7.102E-O1 4.759E-02 0.000E+OO 5.068E-01 2.112E-01 4.81OE-O3

ToTAL

6.993E-01
7.844E-01
8.721E-01
9.602E-01
1.057E+O0
1.158E+O0
1.427E+O0
1.720E+O0
2.019E+O0
2.325E+O0
2.619E+O0
2.918E+O0
3.215E+O0
3.503E+O0
3.779E+O0
4.049E+O0
4.308E+O0
4.554E+O0
4.798E+O0
5.032E+O0
5.474E+O0
5.898E+O0
6.290E+O0
6.678E+O0
7.044E+O0
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EVALUATION OF n + 61Ni CROSS SECTIONS FOR THE ENERGY
RANGE 1.OE-11 to 150 MeV

S. Chiba, M. B. Chadwick, P. G. Young, and A. J. Koning
22 Sept. 1997

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
neutron energy range from 1.OE-11 to 150 MeV. The discussion
here is divided into the region below and above 20 MeV.

INCIDENT NEUTRON ENERGIES < 20 MeV

Below 20 MeV the evaluation is based
VI.5 (Release 2) evaluation by Larson,
Fu .

INCIDENT NEUTRON ENERGIES

completely on the ENDF/B-
C. Perey, Hetrich, and

> 20 MeV

The ENDF/B-VI Release 2 evaluation extends to 20 MeV and
includes cross sections and energy-angle data for all
significant reactions. The present evaluation utilizes a more
compact composite reaction spectrum representation above 20 MeV
in order to reduce the length of the file. No essential data for
applications is lost with this representation.

The evaluation above 20 MeV utilizes MF=6, MT=5 to represent
all reaction data. Production cross sections and emission
spectra are given for neutrons, protons, deuterons, tritons,
alpha particles, gamma rays, and all residual nuclides produced
(A>5) in the reaction chains. To summarize, the ENDF sections
with non-zero data above En = 20 MeV are:

MF=3 MT= 1
MT= 2
MT= 3
MT= 5

MF=4 MT= 2

MF=6 MT= 5

Total Cross Section
Elastic Scattering Cross Section
Nonelastic Cross Section
Sum of Binary (n,n’) and (n,x) Reactions

Elastic Angular Distributions

Production Cross Sections and Energy-Angle
Distributions for Emission Neutrons, Protons,
Deuterons, Tritons, and Alphas; and Angle-
Integrated Spectra for Gamma Rays and Residual
Nuclei That Are Stable Against Particle Emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
Ni58 and p + Ni58 reactions (Ch97) . We use the GNASH code system
(Y092), which utilizes Hauser-Feshbach statistical,
preequfliimi-umranci ‘&&~~-=-~zz’imr-d~i~. ~-==.~ua~ .~.~ca~

model calculations are used to obtain particle transmission
coefficients for the Hauser-Feshbach calculations, as well as
for the elastic neutron angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions. The energy-angle-correlations
for all outgoing particles are based on Kalb>ch systematic

(Ka88) .
A model was developed to calculate the energy distributions of



all recoil nuclei in the GNASH calculations (Ch96) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. All
other data in MT=5,MF=6 are given in the center-of-mass system.
This method of representation utilizes the LCT=3 option approved
at the November, 1996, CSEWG meeting.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85), validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Gilbert and Cameron (Gi65) and pairing
and shell parameters from the Cook (C067) analysis. Neutron and
charged- particle transmission coefficients were obtained from
the optical potentials, as discussed below. Gamma-ray
transmission coefficients were calculated using the Kopecky-Uhl
model (K090) .

SOME Ni-SPECIFIC INFORMATION CONCERNING THE EVAL.

The neutron total cross section was evaluated based on the
least-squares method with GMA code system (P081) taking account of
the experimental data(Ci68, Pe73, SC73, La83, Sm92, Di97) . The
data for natural Ni and Ni-58 were used because there was no data
for Ni-61. These data were transformed to the Ni-61 cross section
according to A*(2/3) law. In the GMA analysis, the systematic
error was assumed to be 1 % for all the data set. Result of the
GMA evaluation was used as the evaluated total cross section data
above 20 MeV.

The evaluated total cross section data (1 to 250 MeV) and s-wave
strength function (Mu81) were used to obtain the neutron optical
potential parameters. The parameter estimation was carried out
based on Marquart-Bayesian approach (Sm91), where ECIS95 code was
used for the optical model calculation. We have employed the
energy dependence of the optical potential similar to Delaroche’s
work(De89) . The initial potential parameters were adopted from
Koning and Delaroche (K097) . Total of 7 parameters concerning the
central potential depth were estimated with associated covariance
matrix, while the geometrical parameters were fixed to the result
of a similar search for n + Ni-58. Presently obtained potential
was used for the calculation of neutron transmission coefficients
and DWBA cross sections in the energy region above 20 MeV. Below
20 MeV, the Harper neutron potential (Ha82) was used for the
calculation of transmission coefficients.

The proton optical potential was also searched for to obtain a
good description of proton-total reaction cross section as
predicted by Wellisch-Axen systematic (We96) above 50 MeV. The
parameter estimation was carried out by the Marquart-Bayesian
approach similar to the neutron OMP, but trying to seek the best
parameter to reproduce the reaction cross sections compiled by
Carlson (Ca96) and Wellisch values. The experimental data in
Carlson (Ca96) was scaled for Ni-61 according to A**(2/3) law. In
this search, the geometrical parameters were fixed to be same as
the neutron potential. The present potential gives a good
description of the proton total reaction cross section from 10 MeV
to 250 MeV. However, after some trial and error to reproduce both
the elastic scattering and reaction cross section data for Ni-58,



we have employed the following combination of proton potentials:

o to 5 MeV : Harper potential (Ha82)
6 tO 47 MeV : Koning and Delaroche (K097)

48 to 260 MeV : Present OMP

For deuterons, the Lohr-Haeberli (L074) global potential was used;
for alpha particles the McFadden-Satchler (Mc66) potential was
used; and for tritons the Becchetti-Greenlees (Be71) potential was
used. The He-3 channel was ignored.

The direct collective inelastic scattering to the following levels
in Ni-61 was considered by the DWBA-mode calculation of ECIS95:

Jp i Ex(MeV) Deformation length
l/2- 0.2830 0.31703
5/2- 0.9086 0.54912
7/2- 1.0152 0.63407
3/2- 1.0996 0.44835

The deformation lengths were estimated assuming a weak-coupling of
3/2- neutron hole to the excited 2+ core in Ni-62.

**************** **************** **************** ****************
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28061 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

Nonelastic, elastic, and Production cross sections for A<5 ejectiles in barns:
Energy nonelas elastic neutron proton deuteron triton heliti alpha gamma

2.000E+O1
2.200E+01
2.400E+01
2.600E+01
2.800E+01
3.000E+O1
3.!300E+01
4.000E+O1
4.500E+01
5.000E+O1
5.!300E+01
6.000E+O1
6.500E+01
7.000E+O1
7.500E+01
8.000E+O1
8.500E+01
9.000E+O1
9.500E+01
1.000E+02
1.1OOE+O2
1.200E+02
1.300E+02
1.400E+02
1.500E+02

1.356E+O0 1.051E+O0 2.012E+O0 3.028E-01 2.492E-02” 2.357E-03 0.000E+OO 9.061E-02 4.090E+O0
1.327E+O0 1.047E+O0 1.992E+O0 3.542E-01 3.107E-O2 3.231E-03 0.000E+OO 9.941E-02 4.047E+O0
1.291E+O0 1.076E+O0 2.017E+O0 3.971E-01 3.592E-02 4.069E-03 0.000E+OO 1.029E-01 3.794E+O0
1.256E+O0 1.108E+OO 2.065E+O0 4.389E-01 4.115E-02 4.872E-03 0.000E+OO 1.041E-01 3.499E+O0
1.224E+O0 1.175E+O0 2.119E+O0 4.741E-01 4.599E-02 5.583E-03 0.000E+OO 1.044E-01 3.265E+O0
1.194E+O0 1.240E+O0 2.168E+O0 5.027E-01 5.020E-02 6.178E-03 0.000E+OO 1.051E-01 3.108E+OO
1.132E+O0 1.397E+O0 2.212E+O0 5.595E-01 5.751E-02 7.211E-03 0.000E+OO 1.076E-01 2.994E+O0
1.085E+O0 1.515E+O0 2.204E+O0 6.158E-01 6.101E-O2 7.853E-03 0.000E+OO 1.081E-01 2.967E+O0
1.051E+O0 1.604E+O0 2.262E+O0 6.772E-01 6.430E-02 8.383E-03 0.000E+OO 1.109E-O1 2.833E+O0
1.027E+O0 1.641E+O0 2.349E+O0 7.436E-01 6.670E-02 8.872E-03 0.000E+OO 1.181E-01 2.717E+O0
1.009E+O0 1.645E+O0 2.431E+O0 8.130E-01 6.883E-02 9.385E-03 0.000E+OO 1.266E-01 2.628E+O0
9.960E-01 1.624E+O0 2.511E+O0 8.813E-01 7.145E-02 9.942E-03 0.000E+OO 1.351E-01 2.588E+O0
9.845E-01 1.559E+O0 2.588E+O0 9.460E-01 7.372E-02 1.050E-02 0.000E+OO 1.436E-01 2.542E+O0
9.735E-01 1.494E+O0 2.629E+O0 1.009E+O0 7.520E-02 1.103E-O2 0.000E+OO 1.500E-01 2.430E+O0
9.624E-01 1.432E+O0 2.686E+O0 1.059E+O0 7.702E-02 1.162E-02 0.000E+OO 1.559E-01 2.396E+O0
9.509E-01 1.362E+O0 2.738E+O0 1.106E+OO 7.803E-02 1.215E-02 0.000E+OO 1.614E-01 2.336E+O0
9.389E-01 1.273E+O0 2.781E+O0 1.148E+O0 7.876E-02 1.272E-02 0.000E+OO 1.663E-01 2.289E+O0
9.265E-01 1.197E+O0 2.829E+O0 1.196E+O0 8.052E-02 1.367E-02 0.000E+OO 1.742E-01 2.235E+O0
9.139E-01 1.124E+O0 2.862E+O0 1.236E+O0 8.188E-02 1.445E-02 0.000E+OO 1.802E-01 2.181E+O0
9.012E-01 1.072E+O0 2.885E+O0 1.273E+O0 8.306E-02 1.523E-02 0.000E+OO 1.855E-01 2.135E+O0
8.759E-01 9.149E-01 2.923E+O0 1.334E+O0 8.552E-02 1.699E-02 0.000E+OO 1.955E-01 2.043E+O0
8.514E-01 8.103E-O1 2.941E+O0 1.378E+O0 8.631E-02 1.861E-02 0.000E+OO 2.027E-01 2.013E+O0
8.281E-01 7.208E-01 2.952E+O0 1.414E+O0 8.825E-02 2.038E-02 0.000E+OO 2.099E-01 1.951E+O0
8.063E-01 6.422E-01 2.953E+O0 1.439E+O0 8.973E-02 2.202E-02 0.000E+OO 2.147E-01 1.907E+O0
7.859E-01 5.857E-01 2.943E+O0 1.455E+O0 8.995E-02 2.335E-02 0.000E+OO 2.170E-01 1.830E+O0

28061 = TARGET 1000Z+A (if A.O then elemental)
1 = PROJECTILE 1000Z+A

Kerma coefficients in units of f.Gy.mA2:
Energy proton deuteron triton heliuxd alpha non-ret elas-rec

2.000E+O1 3.185E-01 3.447E-02 2.452E-03 0.000E+OO 1.390E-01 9.209E-02 2.268E-02
2.200E+01 3.864E-01 4.839E-02 3.789E-03 0.000E+OO 1.554E-01 9.81OE-O2 2.200E-02
2.400E+01 4.480E-01 6.155E-02 5.273E-03 0.000E+OO 1.639E-01 1.026E-01 2.339E-02
2.600E+01 5.131E-01 7.750E-02 6.863E-03 0.000E+OO 1.684E-01 1.064E-01 2.411E-02
2.800E+01 5.807E-01 9.451E-02 8.482E-03 0.000E+OO 1.711E-01 1.097E-01 2.497E-02
3.000E+O1 6.496E-01 1.120E-01 1.007E-02 0.000E+OO 1.742E-01 1.127E-01 2.535E-02
3.500E+01 8.252E-01 1.541E-01 1.368E-02 0.000E+OO 1.828E-01 1.198E-01 2.515E-02
4.000E+O1 1.014E+O0 1.900E-01 1.681E-02 0.000E+OO 1.887E-01 1.258E-01 2.389E-02
4.500E+01 1.212E+O0 2.280E-01 1.966E-02 0.000E+OO 1.975E-01 1.321E-01 2.245E-02

, 5.000E+O1 1.423E+O0 2.616E-01 2.~18E-02 0.000E+OO 2.128E-01 1.393E-01 2.071E-02
5.500E+01 1.642E+O0 2.927E-01 2.460E-02 0.000E+OO 2.309E-01 1.467E-01 1.904E-02
6.000E+O1 1.865E+O0 3.265E-01 2.687E-02 0.000E+OO 2.492E-01 1.535E-01 1.750E-02
6.500E+01 2.091E+O0 3.585)3-01 2.895E-02 0.000E+OO 2.678E-01 1.599E-01 1.586E-02
7.000E+O1 2.318E+O0 3.848E-01 3.086E-02 0.000E+OO 2.830E-01 1.657E-01 1.450E-02
7..5OOE+O1 2.535E+O0 4.128E-01 3.265E-02 0.000E+OO 2.973E-01 1.700E-01 1.338E-02
8.000E+O1 2.750E+O0 4.345E-01 3.421E-02 0.000E+OO 3.11OE-O1 1.737E-01 1.235E-02
8.500E+01 2.960E+O0 4.525E-01 3.567E-02 0.000E+OO 3.237E-01 1.766E-01 1.127E-02
9.000E+O1 3.161E+O0 4.750E-01 3.734E-02 0.000E+OO 3.416E-01 1.803E-01 1.040E-02
9.500E+01 3.361E+O0 4.973E-01 3.871E-02 0.000E+OO 3.561E-01 1.828E-01 9.602E-03
1.000E+02 3.555E+O0 5.183E-01 4.00IE-02 0.000E+OO 3.694E-01 1.848E-01 9.044E-03
1.1OOE+O2 3.924E+O0 5.570E-01 4.244E-02 0.000E+OO 3.947E-01 1.880E-01 7.572E-03
1.200E+02 4.285E+O0 5.742E-01 4.398E-02 0.000E+OO 4.152E-01 1.884E-01 6.619E-03
1.300E+02 4.625E+O0 6.058E-01 4.494E-02 0.000E+OO 4.349E-01 1.948E-01 5.838E-03
1.400E+02 4.952E+O0 6.361E-01 4.550E-02 0.000E+OO 4.505E-01 2.015E-01 5.174E-03
1.500E+02 5.277E+O0 6.561E-01 4.568E-02 0.000E+OO 4.607E-01 2.057E-01 4.704E-03

TOTAL

6.092E-01
7.141E-01
8.047E-01
8.964E-01
9.895E-01
1.084E+O0
1.321E+O0
1.560E+O0
1.811E+O0
2.080E+O0
2.356E+O0
2.638E+O0
2.922E+O0
3.197E+O0
3.461E+O0
3.716E+O0
3.960E+O0
4.206E+O0
4.445E+O0
4.676E+O0
5.114E+O0
5.513E+O0
5.912E+O0
6.291E+O0
6.650E+O0
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EVALUATION OF n + 62Ni CROSS SECTIONS FOR THE ENERGY

s. Chiba, M. B.

This evaluation

RANGE 1.OE-11 to 150 MeV

Chadwick, P. G. Young, and A. J. Koning
22 Sept. 1997

provides a complete representation of the
nuclear data neede~ for transport, damag~, heating,
radioactivity, and shielding applications over the incident
neutron energy range from 1.OE-11 to 150 MeV. The discussion
here is divided into the region below and above 20 MeV.

INCIDENT NEUTRON ENERGIES < 20 MeV

Below 20 MeV the evaluation is based completely on the ENDF/B-
VI.5 (Release 2) evaluation by Larson, C. Perey, Hetrich, and
Fu .

INCIDENT NEUTRON ENERGIES > 20 MeV

The ENDF/B-VI Release 2 evaluation extends to 20 MeV and
includes cross sections and energy-angle data for all
significant reactions. The present evaluation utilizes a more
compact composite reaction spectrum representation above 20 MeV
in order to reduce the length of the file. No essential data for
applications is lost with this representation.

The evaluation above 20 MeV utilizes MF=6, MT=5 to represent
all reaction data. Production cross sections and emission
spectra are given for neutrons, protons, deuterons, tritons,
alpha particles, gamma rays, and all residual nuclides produced
(A>5) in the reaction chains. To summarize, the ENDF sections
with non-zero

MF=3 MT=
MT=
MT=
MT=

MF=4 MT=

MF=6 MT=

1
2
3
5

2

5

data above En = 20 MeV are:

Total Cross Section
Elastic Scattering Cross Section
Nonelastic Cross Section
Sum of Binary (n,n’) and (n,x) Reactions

Elastic Angular Distributions

Production Cross Sections and Energy-Angle
Distributions for Emission Neutron=; Pr~tons,
Deuterons, Tritons, and Alphas; and Angle-
‘Integrated Spectra for Gamma Rays and Residual
Nuclei That Are Stable Against Particle Emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
Ni58 and p + Ni58 reactions (Ch97) . We use the GNASH code system
(Y092) , which utilizes Hauser-Feshbach statistical,

.
coefficients for the Hauser-Feshbach calculations, as well as
for the elastic neutron angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A model was developed to calculate the energy distributions of



all recoil nuclei in the GNASH calculations (Ch96) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. All
other data in MT=5,MF=6 are given in the center-of-mass system.
This method of representation utilizes the LCT=3 option approved
at the November, 1996, CSEWG meeting.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85) , validated by comparison with calculations using Feshbach,
Ke rman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Gilbert and Cameron (Gi65) and pairing
and shell parameters from the Cook (C067) analysis. Neutron and
charged- particle transmission coefficients were obtained from
the optical potentials, as discussed below. Gamma-ray
transmission coefficients were calculated using the Kopecky-Uhl
model (K090) .

SOME Ni-SPECIFIC INFORMATION CONCERNING THE EVAL.

The neutron total cross section was evaluated based on the
least-squares method with GMA code system (P081) taking account of
the experimental data(Ci68, Pe73, SC73, La83, Di97, Fa66, Du67) .
The data for natural Ni were also used because there was not
enough data for Ni-62 above 20 MeV. The data for natural Ni were
transformed to the Ni-62 cross section according to A*(2/3) law.
In the GMA analysis, the systematic error was assumed to be 1 %
for all the data set. Result of the GMA evaluation was used as
the evaluated total cross section data above 20 MeV.

The evaluated total cross section data (1 to 250 MeV) and s-wave
strength -function (MU81) were used to obtain the neutron optical
potential parameters. The parameter estimation was carried out
based on Marquart-Bayesian approach (Sm91), where ECIS95 code was
used for the optical model calculation. We have employed the
energy dependence of the optical potential similar to Delaroche’s
work(De89) . The initial potential parameters were adopted from
Koning and Delaroche (K097) . Total of 7 parameters concerning the
central potential depth were estimated with associated covariance
matrix, while the geometrical parameters were fixed to the result
of a similar search for n + Ni-58. Presently obtained potential
was used for the calculation of neutron transmission coefficients
and DWBA cross sections in the energy region above 20 MeV. Below
20 MeV, the Harper neutron potential (Ha82) was used for the
calculation of transmission coefficients.

The proton optical potential was also searched for to obtain a
good description of proton-total reaction cross section as
predicted by Wellisch-Axen systematic (We96) above 50 MeV. The
parameter estimation was carried out by the Marquart-Bayesian
approach similar to the neutron OMP, but trying to seek the best
parameter to reproduce the reaction cross sections compil-ed- by
Carlson (Ca96) and Wellisch values. The experimental data in
Carlson (Ca96) was scaled for Ni-62 according to A**(2/3) law. In
this search, the geometrical parameters were fixed to be same as
the neutron
description
to 250 MeV.
the elastic

poten~ial. The present potential gives a good
of the proton total reaction cross section from 10 MeV
However, after some trial and error to reproduce both
scattering and reaction cross section data for Ni-58,



we have employed the following combination of proton potentials:

o to 5 MeV : Harper potential (Ha82)
6 to 47 MeV : Koning and Delaroche (K097)

48 to 260 MeV : Present OMP

For deuterons, the Lohr-Haeberli (L074) global potential was used;
for alpha particles the McFadden-Satchler (Mc66) potential was
used; and for tritons the Becchetti-Greenlees (Be71) potential was
used. The He-3 channel was ignored.

The direct collective inelastic scattering to the following levels
in Ni-62 was considered by the DWBA-mode calculation of ECIS95:

Jpi Ex(MeV) Deformation length
2+ 1.173 1.008
3- 3.757 0.83

The data for the 2+ level was retrieved from the literature
(Ra87) . The data for the 3- level was estimated to be an average
of the same quantity for Ni-58 and Ni-60.

**************** **************** **************** ****************
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28062 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

Nonelastic, elastic, and Production cross sections for A<5 ejectiles in barns:
Energy nonelas elastic neutron proton deuteron triton helium3 alpha gamma

2.000E+O1 1.375E+O0 1.059E+O0 2.242E+O0 1.188E-01 1.778E-02 5.573E-04 0.000E+OO 3.009E-02 3.568E+O0
2.200E+01 1.349E+O0, 1.052E+O0 2.223E+O0 1.538E-01 2.190E-02 1.033E-03 0.000E+OO 3.691E-02 3.754E+O0
2.400E+01 1.312E+O0 1.080E+O0 2.225E+O0 1.871E-01 2.714E-02 1.589E-03 0.000E+OO 4.288E-02 3.648E+O0
2.600E+01 1.277E+O0 1.112E+O0 2.270E+O0 2.185E-01 3.200E-02 2.186E-03 0.000E+OO 4.780E-02 3.474E+O0
2.800E+01 1.245E+O0 1.179E+O0 2.328E+O0 2.51OE-O1 3.664E-02 2.793E-03 0.000E+OO 5.270E-02 3.260E+O0
3.000E+O1 1.216E+O0 1.244E+O0 2.368E+O0 2.831E-01 4.093E-02 3.368E-03 0.000E+OO 5.784E-02 3.088E+O0
3.500E+01 1.154E+O0 1.403E+O0 2.384E+O0 3.579E-01 4.931E-02 4.562E-03 0.000E+OO 6.966E-02 2.964E+O0
4.000E+O1 1.105E+OO 1.522E+O0 2.368E+O0 4.267E-01 5.453E-02 5.484E-03 0.000E+OO 7.866E-02 2.845E+O0
4.500E+01 1.070E+O0 1.614E+O0 2.402E+O0 4.878E-01 5.792E-02 6.227E-03 0.000E+OO 8.761E-02 2.679E+O0
5.000E+O1 1.045E+O0 1.651E+O0 2.472E+O0 5.413E-01 6.079E-02 6.901E-03 0.000E+OO 9.603E-02 2.617E+O0
5.500E+01 1.028E+O0 1.656E+O0 2.555E+O0 5.976E-01 6.202E-02 7.586E-03 0.000E+OO 1.050E-01 2.552E+O0
6.000E+O1 1.014E+O0 1.635E+O0 2.636E+O0 6.524E-01 6.416E-02 8.314E-03 0.000E+OO 1.141E-01 2.531E+O0
6.500E+01 1.002E+O0 1.570E+O0 2.719E+O0 7.117E-01 6.635E-02 9.088E-03 0.000E+OO 1.233E-01 2.525E+O0
7.000E+O1 9.906E-01 1.504E+O0 2.777E+O0 7.732E-01 6.774E-02 9.868E-03 0.000E+OO 1.312E-01 2.388E+O0
7.500E+01 9.792E-01 1.441E+O0 2.837E+O0 8.213E-01 6.954E-02 1.068E-02 O.OOOE+OO 1.388E-01 2.334E+O0
8.000E+O1 9.675E-01 1.370E+O0 2.883E+O0 8.670E-01 7.1OOE-O2 1.146E-02 0.000E+OO 1.456E-01 2.304E+O0
8.500E+01 9.554E-01 1.281E+O0 2.933E+O0 9.112E-01 7.240E-02 1.238E-02 0.000E+OO 1.528E-01 2.257E+O0
9.000E+O1 9.428E-01 1.204E+O0 2.980E+O0 9.569E-01 7.398E-02 1.352E-02 0.000E+OO 1.607E-01 2.230E+O0
9.500E+01 9.299E-01 1.130E+O0 3.013E+O0 9.9523’-01 7.526E-02 1.446E-02 0.000E+OO 1.663E-01 2.191E+O0
1.000E+02 9.170E-01 1.078E+O0 3.045E+O0 1.032E+O0 7.515E-02 1.541E-02 0.000E+OO 1.713E-01 2.148E+O0
1.1OOE+O2 8.911E-01 9.193E-01 3.092E+O0 1.099E+O0 7.759E-02 1.747E-02 0.000E+OO 1.811E-01 2.104E+OO
1.200E+02 8.659E-01 8.139E-01 3.112E+O0 1.151E+O0 7.978E-02 1.923E-02 0.000E+OO 1.8791%-01 2.014E+O0
1.300E+02 8.420E-01 7.238E-01 3.122E+O0 1.199E+O0 8.209E-02 2.115E-02 0.000E+OO 1.941E-01 1.931E+O0
1.400E+02 8.196E-01 6.447E-01 3.123E+O0 1.235E+O0 8.375E-02 2.293E-02 0.000E+OO 1.990E-01 1.856E+O0
1.500E+02 7.986E-01 5.879E-01 3.1OOE+OO 1.256E+O0 8.483E-02 2.438?2-02 0.000E+OO 2.012E-01 1.803E+O0

28062 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

Xerma coefficients in units of f.Gy.mA2:
Eaerpy Rroton deuteron triton helium3 alpha non-ret elaa-rec

2.000E+O1 1.235E-01 2.182E-02 4.630E-04 0.000E+OO 4.263E-02 8.329E-02 2.179E-02
2.200E+01 1.697E-01 3.070E-02 9.952E-04 0.000E+OO 5.355E-02 8.924E-02 2.062E-02
2.400E+01 2.189E-01 4.289E-02 1.729E-03 0.000E+OO 6.343E-02 9.373E-02 2.198E-02
2.600E+01 2.704E-01 5.613E-02 2.632E-03 0.000E+OO 7.185E-02 9.765E-02 2.269E-02
2.800E+01 3.276E-01 7.052E-02 3.661E-03 0.000E+OO 8.O1OE-O2 1.013E-01 2.353E-02
3.000E+O1 3.893E-01 8.586E-02 4.770E-03 0.000E+OO 8.875E-02 1.047E-01 2.391E-02
3.500E+01 5.585E-01 1.252E-01 7.618E-03 0.000E+OO 1.099E-01 1.121E-01 2.376E-02
4.000E+O1 7.370E-01 1.627E-01 1.039E-02 0.000E+OO 1.272E-01 1.192E-01 2.260E-02
4.500E+01 9.250E-01 1.979E-01 1.298E-02 0.000E+OO 1.441E-01 1.261E-01 2.126E-02
5.000E+O1 1.114E+O0 2.330E-01 1.541E-02 0.000E+OO 1.611E-01 1.331E-01 1.963S-02
5.500E+01 1.315E+O0 2.581E-01 1.779E-02 0.000E+OO 1.794E-01 1.396E-01 1.806E-02
6.000E+O1 1.519E+O0 2.887E-01 2.006E-02 0.000E+OO 1.978E-01 1.462E-01 1.661E-02
6.500E+01 1.736E+O0 3.191E-01 2.229E-02 0.000E+OO 2.167E-01 1.522E-01 1.506E-02
7.000E+O1 1.953E+O0 3.434E-01 2.434E-02 0.000E+OO 2.335E-01 1.585E-01 1.378E-02
7.500E+01 2.163E+O0 3.714E-01 2.635E-02 0.000E+OO 2.500E-01 1.630E-01 1.272E-02
8.000E+O1 2.371E+O0 3.971E-01 2.817E-02 0.000E+OO 2.652E-01 1.670E-01 1.175E-02
8.500E+01 2.571E+O0 4.202E-01 2.999E-02 0.000E+OO 2.813E-01 1.708E-01 1.072E-02
9.000E+O1 2.766E+O0 4.412E-01 3.193E-02 0.000E+OO 2.987E-01 1.746E-01 9.898E-03
9.500E+01 2.960E+O0 4.621E-01 3.358E-02 0.000E+OO 3.120E-01 1.773E-01 9.148E-03
1.000E+02 3.156E+O0 4.632E-01 3.518E-02 0.000E+OO 3.244E-01 1.786E-01 8.621E-03
1.1OOE+O2 3.538E+O0 4.940E-01 3.817E-02 0.000E+OO 3.489E-01 1.812E-01 7.223E-03
1.200E+02 3.900E+O0 5.277E-01 4.002E-02 0.000E+OO 3.675E-01 1.825E-01 6.321E-03
1.300E+02 4.247E+O0 5.588E-01 4.147E-02 0.000E+OO 3.851E-01 1.887E-01 5.580E-03
1.400E+02 4.585E+O0 5.841E-01 4.258E-02 0.000E+OO 3.999E-01 1.958E-01 4.950E-03
1.500E+02 4.91OE+OO 6.143E-01 4.326E-02 0.000E+OO 4.093E-01 2.O1lE-01 4.5063+03

TOTAL

2.935E-01
3.648E-01
4.427E-01
5.213E-01
6.068E-01
6.972E-01
9.371E-01
1.179E+O0
1.427E+O0
1.676E+O0
1.928E+O0
2.188E+O0
2.461E+O0
2.726E+O0
2.987E+O0
3.241E+O0
3.484E+O0
3.723E+O0
3.954E+O0
4.166E+O0
4.608E+O0
5.024E+O0
5.427E+O0
5.813E+O0
6.182E+O0
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n + 62Niangle-integrated emission spectra



n + 62NiKalbach preequilibrium ratios
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EVALUATION OF n + 64Ni CROSS SECTIONS FOR THE ENERGY

S. Chiba, M. B.

This evaluation

RANGE 1.OE-11 to 150 MeV

Chadwick, P. G. Young, and A. J. Koning
22 Sept. 1997

provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
neutron energy range from 1.OE-11 to 150 MeV. The discussion
here is divided into the region below and above 20 MeV.

INCIDENT NEUTRON ENERGIES < 20 MeV

Below 20 MeV the evaluation is based completely on the ENDF/B-
VI.5 (Release 2) evaluation by Larson, C. Perey, Hetrich, and
Fu .

INCIDENT NEUTRON ENERGIES > 20 MeV

The ENDF/B-VI Release 2 evaluation extends to 20 MeV and
includes cross sections and energy-angle data for all
significant reactions. The present evaluation utilizes a more
compact composite reaction spectrum representation above 20 MeV
in order to reduce the length of the file. No essential data for
applications is lost with this representation.

The evaluation above 20 MeV utilizes MF=6, MT=5 to represent
all reaction data. Production cross sections and emission
spectra are given for neutrons, protons, deuterons, tritons,
alpha particles, gamma rays, and all residual nuclides produced
(A>5) in the reaction chains. To summarize, the ENDF sections
with non-zero

MF=3 MT= 1
MT= 2
MT= 3
MT= 5

MF=4 MT= 2

MF=6 MT= 5

. -
data above En = 20 MeV are:

Total Cross Section
Elastic Scattering Cross Section
Nonelastic Cross Section
Sum of Binary (n,n’) and (n,x) Reactions

Elastic Angular Distributions

Production Cross Sections and Energy-Angle
Distributions for Emission Neutrons, Protons,
Deuterons, Tritons, and Alphas; and Angle-
Integrated Spectra for Gamma Rays and Residual
Nuclei That Are Stable Against Particle Emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
Ni58 and p + Ni58 reactions (Ch97). We use the GNASH code system
(Y092), which utilizes Hauser-Feshbach statistical,
preequilib --and- direcE-.-ttimit~,..t~,...~hlericl.l .op~
model calculations are used to obtain particle transmission
coefficients for the Hauser-Feshbach calculations, as well as
for the elastic neutron angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A model was developed to calculate the energy distributions of



all recoil nuclei in the GNASH calculations (Ch96) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. All
other data in MT.5,MF.6 are given in the center-of-mass system.
This method of representation utilizes the LCT=3 option approved
at the November, 1996, CSEWG meeting.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85) , validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Gilbert and Cameron (Gi65) and pairing
and shell parameters from the Cook (C067) analysis. Neutron and
charged- particle transmission coefficients were obtained from
the optical ,potential-s, as discussed below. Gamma-ray
transmission coefficients were calculated using the Kopecky-Uhl
model (K090) .

SOME Ni-SPECIFIC INFORMATION CONCERNING THE EVAL.

The neutron total cross section was evaluated based on the
least-squares method with G~__code system (P081) taking account of
the experimental data(Ci68, Pe73, SC73, La83, Di97, Fa66, Du67) .
The data for natural Ni were also used because there was not
enough data for Ni-64 at MeV region. The data for natural Ni were
transformed to the Ni-64 cross section according to A*(2/3) law.
In the GMA analysis, the systematic error was assumed to be 1 %
for all the data set. Result of the GMA evalua~ion was used as
the evaluated total cross section data above 20 MeV.

The evaluated total cross section data (1 to 250 MeV) and s-wave
strength function (MU81) were used to obtain the neutron optical
potential parameters. The parameter estimation was carried out
based on Marquart-Bayesian approach (Sm91), where ECIS95 code was
used for the optical model calculation. We have employed the
energy dependence of the optical potential similar to Delaroche’s
work(De89) . The initial potential parameters were adopted from
Koning and Delaroche (K097) . Total of 7 parameters concerning the
central potential depth were estimated with associated covariance
matrix, while the geometircal parameters were fixed to the result
of a similar search for n + Ni-58. Presently obtained potential
was used for the calculation of neutron transmission coefficients
and DWBA cross sections in the energy region above 20 MeV. Below
20 MeV, the Harper neutron potential (Ha82) was used for the
calculation of transmission coefficients.

The proton optical potential was also searched for to obtain a
good description of proton-total reaction cross section as
predicted by Wellisch-Axen systematic (We96) above 50 MeV. The
parameter estimation was carried out by the Marquart-Bayesian
approach similar to the neutron OMP, but trying to seek the best

“parameter to reproduce the reaction cross sections compiled by
Carlson (Ca96) and Wellisch values. The experimental data in
Carlson (Ca96) was scaled for Ni-64 according to A**(2/3) law. In
this search, the geometrical parameters were fixed to be same as
the neutron potential. The present potential gives a good
description of the proton total reaction cross ‘section from 10 MeV
to 250 MeV. However, after some trial and error to reproduce both
the elastic scattering and reaction cross section data for Ni-58,



we have employed the following combination of proton potentials:

o to 5 MeV : Harper potential (Ha82)
6 to 47 MeV : Koning and Delaroche (K097)

48 to 260 MeV : Present OMP

For deuterons, the Lohr-Haeberli (L074) global potential was used;
for alpha particles the McFadden-Satchler (Mc66) potential was
used; and for tritons the Becchetti-Greenlees (Be71) potential was
used. The He-3 channel was ignored.

The direct collective inelastic scattering to the following levels
in Ni-64 was considered by the DWBA-mode calculation of ECIS95
(Ra96) :

Jpi Ex(MeV) Deformation length
2+ 1.3458 0.9215
3- 3.56 0.838

The data for 2+ level was retrieved from the literature (Ra87) .
The deformation length for the 3- level was scaled from the same
quantity for Ni-62 according to A**(l/3) law.

**************** **************** **************** ****************
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28064 = TARGET 1000Z+A (if A=O then elemental)
1 = PROIIECTILE 1000Z+A

Ikmelastic, elastic, and Production cross sections for A<5 ejectiles in barns:
Energy nonel as elastic neutron proton deuteron triton helium3 alpha Ll—

2.000E+O1 1.408E+O0 1.078E+O0 2.574E+O0 2.954E-02 1.073E-02 2.980E-04 0.000E+OO 4.875?s-03 4.298E+O0
2.200E+01 1.390E+O0 1.062E+O0 2.718E+O0
2.400E+01 1.358E+O0 1.085E+O0 2.831E+O0
2.600E+01 1.328E+O0 1.113E+O0 2.899E+O0
2.800E+01 1.301E+O0 1.175E+O0 2.925E+O0
3.000E+O1 1.276E+o0 1.237E+O0 2.921E+O0
3.500E+01 1.221E+O0 1.390E+O0 2.907E+O0
4.000E+O1 1.178E+O0 1.506E+O0 2.963E+O0
4.500E+Ol 1.146E+O0 1.595E+O0 3.015E+O0
5.000E+Ol 1.122E+O0 1.633E+O0 3.075E+O0
.5.500E+01 1.103E+OO 1.638E+O0 3.148E+O0
6.000E+O1 1.087E+O0 1.618E+O0 3.226E+O0
6.500E+01 1.073E+O0 1.553E+O0 3.298E+O0
7.000E+O1 1.060E+O0 1.488E+O0 3.339E+O0
7.500E+01 1.046E+O0 1.426E+O0 3.394E+O0
8.000E+O1 1.032E+O0 1.356E+O0 3.439E+O0
8.500E+01 1.018E+O0 1.266E+O0 3.478E+O0
9.000E+O1 1.004E+O0 1.189E+O0 3.513E+O0
9.500E+01 9.891E-01 1.115E+O0 3.542E+O0
1.000E+02 9.744E-01 1.063E+O0 3.558E+O0
1.1OOE+O2 9.451E-01 9.040E-01 3.598E+O0
1.200E+02 9.165E-01 7.993E-01 3.615E+O0
1.300E+02 8.890E-01 7.103E-O1 3.617E+O0
1.400E+02 8.630E-01 6.325E-01 3.585E+O0
1.500E+02 8.386E-01 5.776E-01 3.563E+O0

4.152E-02 1.587E-02 6.495E-04 0.000E+OO 7.367E-03 4.212E+O0
5.587E-02 2.061E-02 1.1OOE-O3 0.000E+OO 9.951E-03 3.987E+O0
7.242E-02 2.508E-02 1.608E-03 0.000E+OO 1.232E-02 3.831E+O0
9.136E-02 2.955E-02 2.142E-03 0.000E+OO 1.483E-02 3.779E+O0
1.121E-01 3.261E-02 2.672E-03 0.000E+OO 1.766E-02 3.732E+O0
1.661E-01 4.099E-02 3.877E-03 0.000E+OO 2.546E-02 3.694E+O0
2.193E-01 4.702E-02 4.944E-03 0.000E+OO 3.454E-02 3.413E+O0
2.720E-01 5.006E-02 5.834E-03 0.000E+OO 4.407E-02 3.234E+O0
3.237E-01 5.333E-02 6.675E-03 0.000E+OO 5.430E-02 3.097E+O0
3.740E-01 5.600E-02 7.493E-03 0.000E+OO 6.551E-02 3.020E+O0
4.219E-01 5.841E-02 8.232E-03 0.000E+OO 7.576E-02 2.925E+O0
4.687E-01 5.984E-02 9.042E-03 0.000E+OO 8.597E-02 2.841E+O0
5.135E-01 6.284E-02 9.899E-03 0.000E+OO 9.503E-02 2.633E+O0
5.525E-01 6.457E-02 1.064E-02 0.000E+OO 1.025E-01 2.607E+O0
5.892E-01 6.411E-02 1.148E-02 0.000E+OO 1.098E-01 2.572E+O0
6.228E-01 6.558E-02 1.235E-02 0.000E+OO 1.164E-01 2.543E+O0
6.549E-01 6.716E-02 1.334E-02 0.000E+OO 1.232E-01 2.497E+O0
6.866E-01 6.877E-02 1.451E-02 0.000E+OO 1.309E-01 2.433E+O0
7.165E-01 7.032E-02 1.568E-02 0.000E+OO 1.377E-01 2.408E+O0
7.723E-01 7.334E-02 1.821E-02 0.000E+OO 1.508E-01 2.305E+O0
8.206E-01 7.678E-02 2.060E-02 0.000E+OO 1.61OE-O1 2.224E+O0
8.645E-01 7.999E-02 2.275E-02 0.000E+OO 1.686E-01 2.140E+O0
9.00IE-01 8.255E-02 2.458E-02 0.000E+OO 1.734E-01 2.092E+O0
9.312E-01 8.389E-02 2.634E-02 0.000E+OO 1.772E-01 1.995E+O0

28064 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

Kerma coefficients in units of f.Gy.m~2:
Energy proton deuteron triton helium3 alpha non-ret elas-rec TOTAL

2.000E+O1 3.226E-02 ‘1.161E-02 2.300E-04 0.000E+OO 6.576E-03 7.800E-02 2.021E-02 1.489E-01
2.200E+01 5.050E-02
2.400E+01 7.393E-02
2.600E+01 1.031E-01
2.800E+01 1.389E-01
3.000E+ol 1.812E-01
3.500E+01 3.096E-01
4.000E+O1 4.601E-01
4.5ooE+01 6.287E-01
5.000E+O1 8.057E-01
5.500E+01 9.900E-01
6.000E+O1 1.180E+O0
6.500E+01 1.376E+O0
7.000E+O1 1.574E+O0
7.500E+01 1.771E+O0
8.000E+O1 1.969E+O0
8.500E+01 2.163E+O0
9.000E+O1 2.352E+O0
9.500E+01 2.536E+O0
1.000E+02 2.718E+O0
1.1OOE+O2 3.071E+O0
1.200E+02 3.413E+O0
1.300E+02 3.756E+O0
1.400E+02 4.086E+O0
1.500E+02 4.41OE+OO

2.022E-02 5.864E-04 0.000E+OO 1.021E-02 8.388E-02 1.803E-02
3.008E-02 1.122E-03 0.000E+OO 1.418E-02 8.877E-02 1.880E-02
4.11OE-O2 1.815E-03 0.000E+OO 1.804E-02 9.313E-02 1.907E-02
5.370E-02 2.632E-03 0.000E+OO 2.215E-02 9.693E-02 1.952E-02
6.402E-02 3.527E-03 0.000E+OO 2.673E-02 1.004E-01 1.965E-02
9.848E-02 5.963E-03 0.000E+OO 3.951E-02 1.080E-01 1.929E-02
1.342E-01 8.443E-03 0.000E+OO 5.462E-02 1.158E-01 1.828E-02
1.630E-01 1.083E-02 0.000E+OO 7.068E-02 1.233E-01 1.723E-02
1.951E-01 1.314E-02 0.000E+OO 8.827E-02 1.305E-01 1.598~-02
2.250E-01 1.535E-02 0.000E+OO 1.077E-01 1.373E-01 1.479E-02
2.539E-01 1.738E-02 0.000E+OO 1.259E-01 1.435E-01 1.369E-02
2.753E-01 1.938E-02 0.000E+OO 1.445E-01 1.489E-01 1.248E-02
3.096E-01 2.131E-02 0.000E+OO 1.615E-01 1.547E-01 1.148E-02
3.341E-01 2.302E-02 0.0008WO0 1.760E-01 1.585E-01 1.065E-02
3.363E-01 2.473E-02 0.000E+OO 1.906E-OZ 1.615E-01 9.880E-03
3.570E-01 2.635E-02 0.000E+OO 2.041E-01 1.642E-01 9.048E-03
3.762E-01 2.799E-02 0.000E+OO 2.181E-01 1.664E-01 8.377E-03
3.942E-01 2.974E-02 0.000E+OO 2.337E-01 1.684E-01 7.763E-03
4.112E-01 3.136E-02 0.000E+OO 2.481E-01 1.701E-01 7.339E-03
4.374E-01 3.430E-02 0.000E+OO 2.761E-01 1.730E-01 6.169E-03
4.687E-01 3.655E-02 0.000E+OO 2.993E-01 1.746E-01 5.422E-03
4.993E-01 3.838E-02 0.000E+OO 3.180E-01 1.790E-01 4.81OE-O3
5.274E-01 3.981E-02 0.000E+OO 3.317E-01 1.855E-01 4.289E-03
5.323E-01 4.129E-02 0.000E+OO 3.433E-01 1.905E-01 3.928E-03

1.834E-01
2.269E-01
2.7621s-01
3.339E-01
3.956E-01
5.809E-01
7.914E-01
1.014E+O0
1.249E+O0
1.490E+O0
1.734E+O0
1.977E+O0
2.232E+O0
2.473E+O0
2.692E+O0
2.924E+O0
3.149E+O0
3.370E+O0
3.586E+O0
3.998E+O0
4.398E+O0
4.796E+O0
5.174E+00
5.521E+O0
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EVALUATION OF n + 63CU CROSS SECTIONS FOR THE ENERGY
RANGE 1.OE-11 to 150 MeV

A. J. Koning, M. B. Chadwick, and P. G. Young
15 February 1998

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
neutron energy range from 1.OE-11 to 150 MeV. The discussion
here is divided into the region below and above 20 MeV.

INCIDENT NEUTRON ENERGIES < 20 MeV

Below 20 MeV the evaluation is based completely on the ENDF/B-
VI (Release 2) evaluation by D. Hetrick, C.Y. Fu, and D. Larson.

INCIDENT NEUTRON ENERGIES > 20 MeV

The ENDF/B-VI Release 2 evaluation extends to 20 MeV and
includes cross sections and energy-angle data for all
significant reactions. The present evaluation utilizes a more
compact composite reaction spectrum representation above 20 MeV
in order to reduce the length of the file. No essential data for
applications is lost with this representation.

The evaluation above 20 MeV utilizes MF=6, MT=5 to represent
all reaction data. Production cross sections and emission
spectra are given for neutrons, protons, deuterons, tritons,
alpha particles, gamma rays, and all residual nuclides produced
(A>5) in the reaction chains. To summarize, the ENDF sections
with non-zero

MF=3 MT= 1
MT= 2
MT= 3
MT= 5

MF=4 MT= 2

MF=6 MT= 5

data above En = 20 MeV are:

Total Cross Section
Elastic Scattering Cross Section
Nonelastic Cross Section
Sum of Binary (n,n’) and (n,x) Reactions

Elastic Angular Distributions

Production Cross Sections and Enerqy-Anqle
Distributions for Emission Neutron~~ Pr~tons,
Deuterons, Tritons, and Alphas; and Angle-
Integrated Spectra for Gamma Rays and Residual
Nuclei That Are Stable Against Particle Emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
CU65 and p + CU65 reactions (Ch98) . We use the GNASH code system
(Y092) , which utilizes Hauser-Feshbach statistical, preequilib-
rium and direct-reaction theories. Spherical optical model
calculations are used to obtain particle transmission
flfi~+~+eient- for h ~ -lfl,l-,+<amn~h~ Hau~-e-~-Fe&hL~w~~ ~aLGdA-~Lwi=,-v-... -~ .T&~ .-

for the elastic neutron angular distributions.
Cross sections and spectra for producing individual residual

nuclei are included for reactions. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A model was developed to calculate the energy distributions of

all recoil nuclei in the GNASH calculations (Ch96a) . The recoil
energy distributions are represented in the laboratory system in



MT=5, MF=6, and are given as isotropic in the lab system. All
other data in MT=5,MF=6 are given in the center-of-mass system.
This method of representation utilizes the LCT=3 option approved
at the November, 1996, CSEWG meeting.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85) , validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyuk et al. (Ig75) and pairing and
shell parameters from the Cook (C067), analysis. Neutron and
charged--particle transmission coefficients were obtained from
the optical potentials, as discussed below. Gamma-ray
transmission coefficients were calculated using the Kopecky-Uhl
model (K090) .

SPECIFIC INFORMATION CONCERNING THE CU-63 EVALUATION

This evaluation is documented in some detail in Ref. (Ko98b) .

The neutron total cross section above 20 MeV was obtained by
evaluating experimental data, with a particular emphasis on the
Finlay (Fi93) elemental data. This resulted in an evaluated
elemental Cu total cross section; to obtain an isotopic 63CU total
cross section, it was assumed that 63CU and 65CU have total cross
sections in an A**2/3 ratio to one another. The total neutron
nonelastic cross section was obtained directly from an optical
model calculation (see below) , after verifying that it was in good
agreement with the experimental data (Ko98b) .

To obtain the neutron optical potential we used total cross
section data from 1.2 to 4.5 MeV (Gu86) and from 5.3 to 600 MeV
(Fi93) , and elastic scattering angular distribution data from 1.6
to 96 MeV (Br50, Sa60, Ki74, E182, Gu86) . The optical potential
parameters were obtained using a combination of a grid search code
and the interactive optical model viewer ECISVIEW [K097] , both

1 built around the coupled channels code ECIS96 [Ra94] . The energy
dependence of the opt’ical model parameters is as described in
[K098] . This optical potential was used for the calculation, with
EC!IS96, of neutron transmission coefficients and DWBA cross
sections for the entire energy region above 20 MeV.

Due to the lack of proton elastic scattering data in numerical
form, we used a combination of global optical models for the
proton channel. The Becchetti-Greenlees potential [Be69]was
adopted below 47 MeV, and the non-relativistic version of the
Madland potential [Ma88] above 47 MeV. At this particular energy
point the two potentials join smoothly.

For deuterons, the Lohr-Haeberli global potential [L074] was used;
for alpha particles the Moyen potential (MacFadden-Satchler
[Ma66]) was used; and for tritons the Becchetti-Greenlees
pn~mtial [Be7i] was used. T-he He-3 c“nannei was ignored, due to
its small importance.

Following Delaroche et al. [De82] , we adopted the weak-coupling
model for direct collective inelastic scattering for CU-63, using
Ni-64 as a basis, For the calculation of the cross sections,
ECIS96 was used in DWBA mode. We used the following direct
transitions for CU-63 (ground state 3/2- ) :



Jpi Ex (MeV)
0.5- 0.669
2.5- 0.!362
3.5- 1.327
1.5- 1.547
1.5- 3.382
2.5- 3.632
3.5- 3.882
4.5- 4.132

Deformation lengths
Delta(2)=0.319
Delta(2)=0.552
Delta(2)=0.638
Delta(2)=0.451
D~lta(3)=0.313
Delta(3)=0.384
Delta(3)=0.444
Delta(3)=0.496

No measurements exist for neutron-induced emission spectra above
20 MeV for 63CU. However, for CU-.65 there. exists 25.7 MeV (n,xn)
data by Marcinkowski et al (Ma83) . This has been used to benchmark
the CU-65 data. Without adjusting any of.the level density or pre-
equilibrium parameters the GNASH calculation was in good agreement
with these data. Hence we also adopted these parameters for the
whole energy region for CU-63.

***************** ***&_************* ***************** *************
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29063 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

Nonelastic, elastic, and Production cross sections for A<5 ejectiles in barns:
Energy nonelas elastic neutron proton deuteron triton helium3 alpha gamma

2.000E+O1 1.407E+O0 1.06’5E—+O0””1.910E+O0 ’’4.988E-01 4.002E-02 2.586E-03 0.000E+OO 6.481E-02 4.414E+O0
m .

2.200E+01 1.365E+o0 1.059E+O0 1.902E+O0 5.460E-01 4.450E-02 3.430E-03 0.000E+OO 6.696E-02 4.313E+O0
2.400E+01 1.330E+O0 1.059E+O0 1.947E+O0 6.094E-01 4.932E-02 4.219E-03 0.000E+OO 6.797E-02 4.038E+O0
2.600E+01 1.304E+O0 1.088E+O0 2.044E+O0 6.566E-01 5.376E-02 4.943E-03 0.000E+OO 6.883E-02 3.764E+O0
2.800E+01 1.283E+O0 1.127E+O0 2.150E+O0 6.840E-01 5.733E-02 5.571E-03 0.000E+OO 7.199E-02 3.535E+O0
3.000E+O1 1.262E+O0 1.174E+O0 2.238E+O0 6.949E-01 6.112E-02 6.098E-03 0.000E+OO 7.484E-02 3.429E+O0
3.500E+01 1.214E+O0 1.314E+00 2.331)3+00 7.261E-01 6.574E-02 7.022E-03 0.000E+OO 7.908E-02 3.412E+O0
4.000E+O1 1.174E+O0 1.438E+O0 2.372E+O0 7.821E-01 6.955E-02 7.672E-03 0.000E+OO 8.154E-02 3.365E+O0
4.500E+01 1.138E+O0 1.525E+O0 2.448E+O0 8.292E-01 7.215E-02 8.109E-O3 0.000E+OO 8.452E-02 3.204E+O0
5.000E+O1 1.104E+OO 1.585E+o0 2.529E+O0 8.667E-01 7.361E-02 8.438E-03 0.000E+OO 8.927E-02 3.036E+O0
5.500E+01 1.071E+O0 1.613E+O0 2.594E+O0 9.050E-01 7.402E-02 8.718E-03 0.000E+OO 9.358E-02 2.923E+O0
6,000E+01 1.040E+O0 1.597E+O0 2.639E+O0 9.450E-01 7.420E-02 9.014E-03 O.OOOE+OO 9.757E-02 2.816E+O0
6.500E+01 1.O1OE+OO 1.573E+O0 2.675E+O0 9.826E-01 7.331E-02 9.305E-03 0.000E+OO 1.019E-01 2.704E+O0
7.000E+O1 9.818E-01 1.539E+O0 2.685E+O0 1.O1lE+OO 7.481E-02 9.701E-03 0.000E+OO 1.065E-01 2.483E+O0
7.500E+01 9.557E-01 1.482E+O0 2.719E+O0 1.045E+O0 7.473E-02 1.026E-02 0.000E+OO 1.125E-01 2.423E+O0
8.000E+O1 9.315E-01 1.415E+O0 2.752E+O0 1.077E+O0 7.305E-02 1.094E-02 0.000E+OO 1.186E-01 2.346E+O0
8.500E+01 9.093E-01 1.344E+O0 2.784E+O0 1.109E+OO 7.358E-02 1.185E-02 0.000E+OO 1.252E-01 2.283E+O0
9.000E+O1 8.890E-01 1.282E+O0 2.805E+O0 1.133E+O0 7.352E-02 1.269E-02 0.000E+OO 1.299E-01 2.213E+O0
9.500E+01 8.705E-01 1.216E+O0 2.818E+O0 1.156E+O0 7.408E-02 1.360E-02 0.000E+OO 1.346E-01 2.178E+O0
1.000E+02 8.536E-01 1.143E+O0 2.830E+O0 1.179E+O0 7.473E-02 1.458E-02 0.000E+OO 1.390E-01 2.143E+O0
1.1OOE+O2 8.243E-01 1.014E+O0 2.866E+O0 1.228E+O0 7.669E-02 1.690E-02 0.000E+OO 1.476E-01 2.039E+O0
1.200E+02 8.003E-01 8.986E-01 2.900E+O0 1.270E+O0 7.870E-02 1.939E-02 0.000E+OO 1.556E-01 1.957E+O0
1.300E+02 7.809E-01 8.038E-01 2.927E+O0 1.311E+O0 8.11OE-O2 2.191E-02 0.000E+OO 1.618E-01 1.880E+O0
1.400E+02 7.654E-01 7.200E-01 2.949E+O0 1.346E+O0 8.324E-02 2.440E-02 0.000E+OO 1.671E-01 1.843E+O0
1.500E+02 7.532E-01 6.497E-01 2.978E+O0 1.382E+O0 8.490E-02 2.704E-02 0.000E+OO 1.722E-01 1.796E+O0

29063 = TARGEF 1000Z+A (if A.O then elemental)
1 = PROJECTILE 1000Z+A

K.srma coefficients in units of f.Gy.mA2:
Energy proton deuteron triton helium3 alpha non-ret elas-rec

2.000E+O1 4.860E-01 6.443E-02” 2.857E-03 0.000E+OO 9.816E-02 8.659E-02 1.914E-02
2.200E+01 5.51OE-O1 7.874E-02 4.264E-03 0.000E+OO 1.054E-01 9.097E-02 2.127E-02
2.400E+01 6.307E-01 9.552E-02 5.792E-03 0.000E+OO 1.101E-O1 9.531E-02 2.259E-02
2.600E+01 7.112E-01 1.129E-01 7.391E-03 0.000E+OO 1.134E-01 9.962E-02 2.360E-02
2.800E+01 7.890E-01 1.291E-01 8.993E-03 0.000E+OO 1.198E-01 1.038E-01 2.403E-02
3.000E+O1 8.585E-01 1.478E-01 1.056E-02 0.000E+OO 1.258E-01 1.073E-01 2.408E-02
3.500E+01 1.046E+O0 1.852E-01 1.401E-02 0.000E+OO 1.382E-01 1.151E-01 2.367E-02
4.000E+O1 1.252E+O0 2.265E-01 1.721E-02 0.000E+OO 1.470E-01 1.227E-01 2.272E-02
4.500E+01 1.453E+O0 2.661E-01 1.996E-02 0.000E+OO 1.556E-01 1.293E-01 2.150E-02
5.000E+O1 1.644E+O0 3.014E-01 2.238E-02 0.000E+OO 1.668E-01 1.350E-01 2.035E-02
5.500E+01 1.825E+O0 3.302E-01 2.450E-02 0.000E+OO 1.775E-01 1.397E-01 1.921E-02
6.000E+O1 2.002E+O0 3.552E-01 2.642E-02 0.000E+OO 1.875E-01 1.434E-01 1.789E-02
6.500E+01 2.179E+O0 3.718E-01 2.809E-02 0.000E+OO 1.978E-01 1.461E-01 1.675E-02
7.000E+O1 2.342E+O0 4.065E-01 2.973E-02 0.000E+OO 2.083E-01 1.494E-01 1.570E-02
7.500E+01 2.504E+O0 4.275E-01 3.123E-02 0.000E+OO 2.215E-01 1.522E-01 1.458E-02
8.000E+O1 2.667E+O0 4.286E-01 3.278E-02 0.000E+OO 2.346E-01 1.536E-01 1.351E-02
8.500E+01 2.822E+O0 4.471E-01 3.437E-02 0.000E+OO 2.489E-01 1.559E-01 1.250E-02
9.000E+O1 2.979E+O0 4.597E-01 3.592E-02 0.000E+OO 2.601E-01 1.574E-01 1.165E-02
9.500E+01 3.133E+O0 4.784E-01 3.746E-02 0.000E+OO 2.712E-01 1.588E-01 1.084E-02
1.000E+02 3.292E+O0 4.968E-01 3.900E-02 0.000E+OO 2.820E-01 1.599E-01 1.003E-02
1.1OOE+O2 3.605E+O0 5.330E-01 4.195E-02 0.000E+OO 3.036E-01 1.624E-01 8.652E-03
1.200E+02 3.922E+O0 5.636E-01 4.408E-02 0.000E+OO 3.242E-01 1.645E-01 7.518E-03
1.300E+02 4.246E+O0 5.995E-01 4.589E-02 0.000E+OO 3.419E-01 1.716E-01 6.628E-03
1.400E+02 4.579E+O0 6.322E-01 4.774E-02 0.000E+OO 3.579E-01 1.797E-01 5.877E-03
1.500E+02 4.931E+O0 6.504E-01 5.003E-02 0.000E+OO 3.738E-01 1.864E-01 5.264E-03

TOTAL

7.571E-01
8.517E-01
9.600E-01
1.068E+O0
1.175E+O0
1.274E+O0
1.522E+O0
1.788E+O0
2.045E+O0
2.290E+O0
2.516E+O0
2.733E+O0
2.939E+O0
3.152E+O0
3.351E+O0
3.530E+O0
3.720E+O0
3.903E+O0
4.090E+O0
4.280E+O0
4.655E+O0
5.026E+O0
5.412E+O0
5.803E+O0
6.197E+O0
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EVALUATION OF n + 65CU CROSS SECTIONS FOR THE ENERGY
RANGE 1.OE-11 to 150 MeV

A. J. Koning, M. B. Chadwick, and P. G. Young
15 February 1998

This evaluation provides a complete representation of the
nuclear-data needed for lir”ansport, damage, heating,
radioactivity, and shielding applications over the incident
neutron energy range from 1.OE-11 to 150 MeV. The discussion
here is divided into the region below and above 20 MeV.

INCIDENT NEUTRON ENERGIES < 20 MeV

Below 20 MeV the evaluation is based completely on the ENDF/B-
VI (Release 2) evaluation by D. Hetrick, C.Y. Fu, and D. Larson.

INCIDENT NEUTRON ENERGIES > 20 MeV

The ENDF/B-VI Release 2 evaluation extends to 20 MeV and
includes cross sections and energy-angle data for all
significant reactions. The present evaluation utilizes a more
compact composite reaction spectrum representation above 20 MeV
in order to reduce the length of the file. No essential data for
applications is lost with this representation.

The evaluation above 20 MeV utilizes MF.6, MT.5 to represent
all reaction data. Production cross sections and emission
spectra are given for neutrons, protons, deuterons, tritons,
alpha particles, gamma rays, and all residual nuclides produced
(A>5) in the reaction chains. To summarize, the ENDF sections
with non-zero data above En = 20 MeV are:

MF=3 MT= 1 Total Cross Section
MT= 2 Elastic Scattering Cross ,Section
MT= 3 Nonelastic Cross Section
MT= 5 Sum of Binary (n,n’) and (n,x) Reactions

MF=4 MT= 2 Elastic Angular Distributions

MF=6 MT= 5 Production Cross Sections and Energy-Angle
Distributions for Emission Neutrons, Protons,
Deuterons, Tritons, and Alphas; and Angle-
Integrated Spectra for Gamma Rays and Residual

Nuclei That Are Stable Against Particle Emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
CU65 and p + CU65 reactions (Ch98) . We use the GNASH code system
(Y092) , which utilizes Hauser-Feshbach statistical, preequilib-
rium and direct-reaction theories. Spherical optical model
calculations are used to obtain particle transmission
coefficients_ Eol the Ha~- F-eebacd- .calculations,. as well as
for the elastic neutron angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A model was developed to calculate the energy distributions of

all recoil nuclei in the GNASH calculations (Ch96a) . The recoil



energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. All
other data in MT=5,MF=6 are given in the center-of-mass system.
This method of representation utilizes the LCT=3 option approved
at the November, 1996, CSEWG meeting.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the excitov model of Kalbach (Ka77,
Ka85) , validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyuk et al. (Ig75) and pairing and
shell parameters from the Cook (C067) analysis. Neutron and
charged- particle transmission coefficients were obtained from
the optical potentials, as discussed below. Gamma-ray
transmission coefficients were calculated using the Kopecky-Uhl
model (K090) .

SPECIFIC INFORMATION CONCERNING THE CU-65 EVALUATION

This evaluation is documented in some detail in Ref. (Ko98b) .

The neutron total cross section above 20 MeV was obtained by
evaluating experimental data, with a particular emphasis on the
Finlay (Fi93) elemental data. This resulted in an evaluated
elemental Cu total cross section; to obtain an isotopic 65CU total
cross section, it was assumed that 63CU and 65CU have total cross
sections in an A**2/3 ratio to one another. The total neutron
nonelastic cross section was obtained directly from an optical
model calculation (see below) , after verifying that it was in good
agreement with the experimental data (Ko98b) .

To obtain the neutron optical potential we used total cross
section data from 1.2 to 4.5 MeV (Gu86) and from 5.3 to 600 MeV
(Fi93) , and elastic scattering angular distribution data from 1.6
to 96 MeV (Br50, Sa60, Ki74, E182, Gu86) . The optical potential
parameters were obtained using a combination of a grid search code
and the interactive o~tical model viewer ECISVIEW [K097] , both

‘built around the coupled channels code ECIS96 [Ra94] . The energy
dependence of the optical model parameters is as described in
[K098] . This optical potential was used for the calculation, with
ECIS96, of neutron transmission coefficients and DWBA cross
sections for the entire energy region above 20 MeV.

Due to the lack of proton elastic scattering data in numerical
form, we used a combination of global optical models for the
proton channel. The Becchetti-Greenlees potential [Be69]was
adopted below 47 MeV, and the non-relativistic version of the
Madland potential [Ma88] above 47 MeV. At this particular energy
point the two potentials join smoothly.

For deuterons, the Lohr-Haeberli global potential [L074] was used;
for alpha particles the Moyen potential (MacFadden-Satchler
@la6-6]j was used; and for tritons the BeccnetEi-Gre-enie-e-5
potential [Be71] was used. The He-3 channel was ignored, due to
its small importance.

Following Delaroche et al. [De82] , we adopted the weak-coupling
model for direct collective inelastic scattering for CU-65, using
Ni-64 as a basis. For the calculation of the cross sections,
ECIS96 was used in DWBA mode. We used the following direct



Eransiaions for CU-65 (ground state 3/2- ) :

Jpi Ex(MeV) Deformation length (Delta) or parameter (Beta)
0.5- 0.771 Beta(2)=0.0566
2.5- 1.116 Bet.a(2)=0.0980
3.5- 1.481 Beta(2) =0.1132
1.5- 1.743 Beta(2)=0.0800
1.5- 3.185 Delta(3)=0.3167
2.5- 3.435 Delta(3) =0.3879
3.5- 3.685 Delta(3)=0.4479
4.5- 3.935 Delta(3)=0.5008

Only one measurement exists for neutron-induced emission spectra
above 20 MeV for 65CU: the 25.7 MeV (n,xn) data by Marcinkowski et
al (Ma83) . Without adjusting any of the level density or pre-
equilibrium parameters the GNASH calculation was in good agreement
with these data (Ko98b) . Hence we adopted these parameters for Lhe
whole energy region.

**************** **************** **************** ****************
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29065 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

Nonelastic, elastic, and production cross sections for A<5 ejectiles in barns:
Energy nonelas elastic neutron proton deuteron triton helium3 alpha ganmm

-
2.000E+O1 1.425E+O0 1.099E+O0’ 2.363E+OO” 1.555E-01-2.698E-02 2.052E-03” 0.000E+O0 1.813E-02 4.955E+O0
2.200E+01 1.384E+o0 1.090E+O0 2.399E+O0 1.833E-01 3.204E-02 2.793E-03 0.000E+OO 2.069E-02 4.765E+O0
2.400E+01 1.354E+O0 1.084E+O0 2.503E+O0 2
2.600E+01 1.329E+O0 1.114E+O0 2.600E+O0 2
2.800E+01 1.307E+O0 1.154E+O0 2.661E+o0 2
3.000E+O1 1.286E+O0 1.201E+O0 2.700E+O0 3
3.500E+01 1.238E+O0 1.342)3+00 2.725E+O0 4
4.000E+O1 1.197E+O0 1.470E+O0 2.786E+O0 4
4.500E+01 1.160E+O0 1.559E+O0 2.855E+O0 5
5.000s+01 1.127E+O0 1.620E+O0 2.913E+O0 5

147E-01
463E-01
796E-01
137E-01
220E-01
998E-01
459E-01
846E-01

3.670E-02 3.408E-03 0.000E+OO 2.296E-02 4.349E+O0
4.096E-02 4.055E-03 0.000E+OO 2.519E-02 4.024E+O0
4.505E-02 4.639E-03 0.000E+OO 2.785E-02 3.807E+O0
4.888E-02 5.152E-03 0.000E+OO 3.032E-02 3.727E+O0
5.489E-02 6.163E-03 0.000E+OO 3.666E-02 3.684E+O0
5.947E-02 6.917E-03 0.000E+OO 4.501E-02 3.526E+O0
6.222E-02 7.455E-03 0.000E+OO 4.975E-02 3.380E+O0
6.385E-02 7.892E-03 0.000E+OO 5.302E-02 3.280E+O0

5.500E+01 1.094E+O0 1.648E+O0 2.973E+O0 6.161E-01 6.349E-02
6.000E+O1 1.061E+O0 1.631E+O0 3.017E+O0 6.416E-01 6.416E-02
6.500E+01 1.031E+O0 1.607E+O0 3.052E+O0 6.664E-01 6.386E-02
7.000E+O1 1.003E+O0 1.571E+O0 3.054E+O0 6.922E-01 6.457E-02
7.500E+01 9.760E-01 1.513E+O0 3.068E+O0 7.131E-01 6.467E-02
8.000E+O1 9.516E-01 1.445E+O0 3.085E+O0 7.348E-01 6.473E-02
8.500E+01 9.291E-01 1.372E+O0 3.121E+O0 7.601E-01 6.501E-02
9.000E+O1 9.084E-01 1.308E+O0 3.139E+O0 7.862E-01 6.533E-02

8.318E-03 0.000E+OO 5.733E-02 3.166E+O0
8.690E-03 0.000E+OO 6.116E-02 3.054E+O0
9.098E-03 0.000E+OO 6.491E-02 2.986E+O0
9.611E-03 0.000E+OO 6.924E-02 2.748E+O0
1.006E-02 0.000E+OO 7.249E-02 2.687E+O0
1.061E-02 0.000E+OO 7.625E-02 2.612E+O0
1.165E-02 0.000E+OO 8.230E-02 2.524E+O0
1.259E-02 0.000E+OO 8.728E-02 2.456E+O0

9.500E+01 8.896E-01 1.241E+O0 3.157E+O0 8.095E-01 6.568E-02 1.360E-02 0.000E+OO 9.196E-02 2.404E+O0
1.000E+02 8.723E-01 1.167E+O0 3.188E+O0 8.360E-01 6.482E-02 1.492S3-02 0.000E+OO 9.743E-02 2.323E+O0
1.1OOE+O2 8.426E-01 1.034E+O0 3.219E+O0 8.811E-01 6.626E-02 1.724E-02 0.000E+OO 1.063E-01 2.207E+O0
1.200E+02 8.182E-01 9.165E-01 3.254E+O0 9.254E-01 6.813E-02 1.999E-02 0.000E+OO 1.152E-01 2.140E+O0
1.300E+02 7.985E-01 8.196E-01 3.278E+O0 9.688E-01 7.031E-02 2.276E-02 0.000E+OO 1.227E-01 2.085E+O0
1.400E+02 7.827E-01 7.339E-01 3.31OE+OO 1.012E+O0 7.271E-02 2.595E-02 0.000E+OO 1.305E-01 2.045E+O0
1.500E+02 7.703E-01 6.621E-01 3.331E+O0 1.049E+O0 7.483E-02 2.866E-02 0.000E+OO 1.356E-01 1.998E+O0

29065 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

Kerma coefficients in units of f.Gy.anA2:
Energy proton deuteron triton helium3 alpha non-ret elas-rec TOTAL

2.000E+O1 1.800E-01 3.867E-02 2.193E-03 0.000E+OO 2.715E-02 7.703E-02 1.807E-02 3.431E-01
2.200E+01 2.268E-01 5.147E-02 3.347E-03 0.000E+OO 3.214E-02 8.133E-02 2.023E-02 4.153E-01
2.400E+01 2.808E-01 6.504E-02 4.421E-03 0.000E+OO 3.679E-02 8.587E-02 2.154E-02 4.945E-01
2.600E+01 3.406E-01 7.928E-02 5.711E-03 0.000E+OO 4.125E-02 9.023E-02 2.263E-02 5.797E-01
2.800E+01 4.085E-01 9.446E-02 7.038E-03 0.000E+OO 4.618E-02 9.428E-02 2.315E-02 6.736E-01
3.000E+O1 4.798E-01 1.105E-O1 8.357E-03 0.000E+OO 5.1OOE-O2 9.782E-02 2.325E-02 7.708E-01
3.500E+01 6.831E-01 1.460E-01 1.147E-02 0.000E+OO 6.259E-02 1.060E-01 2.288E-02 1.032E+O0
4.000E+O1 8.868E-01 1.841E-01 1.426E-02 0.000E+OO 7.634E-02 1.140E-01 2.194E-02 1.297E+O0
4.500E+01 1.078E+O0 2.189E-01 1.668E-02 0.000E+OO 8.632E-02 1.205E-01 2.071E-02 1.541E+O0
5.000E+O1 1.259E+O0 2.499E-01 1.884E-02 0.000E+OO 9.455E-02 1.258E-01 1.955E-02 1.767E+O0
5.500E+01 1.4303+00 2.685E-01 2.079E-02 0.000E+OO 1.037E-01 1.299E-01 1.840E-02 1.972E+O0
6.000E+O1 1.592E+O0 2.940E-01 2.245E-02 0.000E+OO 1.122E-01 1.333E-01 1.709E-02 2.171E+O0
6.500E+01 1.748E+O0 3.115E-01 2.404E-02 0.000E+OO 1.205E-01 1.363E-01 1.597E-02 2.356E+O0
7.000E+O1 1.902E+O0 3.355E-01 2.560E-02 O.I)OOE+OO 1.294E-01 1.390E-01 1.495E-02 2.546E+O0
7.500E+01 2.056E+O0 3.561E-01 2.693E-02 0.000E+OO 1.368E-01 1.408E-01 1.386E-02 2.730E+O0
8.000E+O1 2.21OE+OO 3.755E-01 2.823E-02 0.000E+OO 1.451E-01 1.420E-01 1.282E-02 2.914E+O0
8.500E+01 2.352E+O0 3.915E-01 2.987E-02 0.000E+OO 1.571E-01 1.440E-01 1.185E-02 3.086E+O0
9.000E+O1 2.504E+O0 4.085E-01 3.138E-02 0.000E+OO 1.674E-01 1.451E-01 1.103E-O2 3.267E+O0
9.500E+01 2.655E+O0 4.247E-01 3.285E-02 0.000E+OO 1.774E-01 1.461E-01 1.025E-02 3.446E+O0
1.000E+02 2.806E+O0 4.185E-01 3.460E-02 0.000E+OO 1.888E-01 1.470E-01 9.468E-03 3.604E+O0
1.1OOE+O2 3.113E+O0 4.50113-01 3.690E-02 0.000E+OO 2.082E-01 1.487E-01 8.154E-03 3.965E+O0
1.200E+02 3.421E+O0 4.778E-01 3.921E-02 0.000E+OO 2.280E-01 1.51OE-O1 7.073E-03 4.324E+O0
1.300E+02 3.737E+O0 5.092E-01 4.152E-02 0.000E+OO 2.457E-01 1.575E-01 6.225E-03 4.697E+O0
1.400E+02 4.058E+O0 5.341E-01 4.458E-02 0.000E+OO 2.641E-01 1.662E-01 5.51OE-O3 5.073E+O0
1.500E+02 4.399E+O0 5.656E-01 4.726E-02 0.000E+OO 2.780E-01 1.730E-01 4.929E-03 5.468E+O0
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EVALUATION OF n + 93Nb CROSS SECTIONS FOR THE ENERGY
RANGE 1 to 150 MeV,

M. B. Chadwick, and P. G. Young
10 December 1997

This evaluation provides a complete representation of the
nuclear data nee”ded for transport, damage, heating, radioactivity,
and shielding applications over the incident proton energy range
from 1 to 150 MeV. The evaluation utilizes MF=6, MT=5 to
represent all reaction data, Production cross sections and
emission spectra are ,given for neutrons, protons, deuterons,
tritons, alpha particles, gamma rays, and all residual nuclides
produced (A>5) in the reaction chains. To summarize, the ENDF
sections with

MF=3 MT= 2

MT= 5

MF=6 MT= 2

MT= 5

non-zero data above are:

Integral of nuclear plus interference components
of the elastic scattering cross section

Sum of binary (p,n’) and (p,x) reactions

Elastic (p,p) angular distributions given as
ratios of the differential nuclear-plus-
interference to the integrated value.

Production cross sections and energy-angle
distributions for emission neutrons, pr~tons,
deuterons, and alphas; and angle-integrated
spectra for gamma rays and residual nuclei that
are stable against particle emission

The evaluation is_based on nuclear model calculations that have
been benchmarked to experimental data, especially for n +93Nb and
n +93Nb reactions (Ch98) . We use the GNASH code system (Y092),
which utilizes Hauser-Feshbach statistical, preequilibrium and
direct-reaction theories. Spherical optical model calculations are
used to obtain particle transmission coefficients for the Hauser-
Feshbach calculations, as well as for the elastic proton angular”
distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A model was developed to calculate the energy distributions of

all recoil nuclei in the GNASH calculations (Ch96a) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. All
other data in MT.5,MF=6 are given in the center-of-mass system.
This method of representation utilizes the LCT=3 option approved
at the November, 1996, CSEWG meeting.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85) , validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) “theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyqk et al. (Ig75) and pairing and
shell parameters from the Cook (C067) analysis. Neutron and
charged- particle transmission coefficients were obtained from the
optical potentials, as discussed below. Gamma-ray transmission



coefficients were calculated using the Kopecky-Uhl model (K090) .

SPECIFIC INFORMATION CONCERNING THE NB-93 EVALUATION

The total neutron cross section was obtained from the Finlay(Fi93)
measurements .

The following optical potentials were used in the GNASH
calculations . For incident neutrons, the Wilmore-Hodgson
potential was used below 15 MeV, and the Madland potential (Ma88)
was used at higher energies. For incident protons, the
Becchetti-Greenlees (Be69) potential was used up to 50 MeV, above
which the Madland potential (Ma88) was used. In both cases, the
matching energy between the potentials was chosen to result in
continuity of the reaction cross section. For protons at 50 MeV
the reaction cross section (and transmission coefficients) was
renormalized slightly to smoothen the transition between the
potentials. The Perey (Pe63) potential was used for indident
deuterons. For tritons, the Becchetti-Greenlees (Be71) was used
up to 80 MeV, above which the Watanabe potential was used. The
Moyen (McFadden Satchler) (Mc66) potential was used for alpha
particles over the whole energy range.

Direct inelastic scattering to low-lying states in Nb93 was
determined as follows. Coherent excitation of 2+ and 3-
vibrations were assumed to be fragmented over Nb93 states, after
coupling these excitations with the 4.5+ core. The magnitudes of
the deformation lengths of 2+ and 3- excitations was obtained by
fitting values of 34 and 46 mb respectively at 14 MeV, obtained
in ref. (Ch93) and accounting for measurements well. This
strength was then fragmented over Nb states. For the 3-
excitation, the 7 states are in the “continuum” region of the
GNASH calculation at approximately 2.5 MeV, with spins 1.5-,2.5-,
..,7.5-. For the 2+, the 5 states (2.5+,3.5+, ...6.5+) near 1 MeV
were assumed to be those whose inelastic cross section in the
existing ENDF <20 MeV file are significant (note that the ENDF
file below 20 MeV appears to incorporate inelastic information
only up to 5 MeV for many states, after which a value of zero at
20 MeV was inserted) .

Experimental data is used to benchmark the calculations. For
incident neutrons, experimental neutron emission spectra data
exist at 20 and 26 MeV by Marcinkowski (Ma83) . For incident
protons, spectra data exist at 14 and 26 MeV by Watanabe et
al. (Wa97), and at 65 MeV by Sakai et al (Sa80) . Our evaluation
agrees reasonably well with these measurements.

***************** ***************** ***************** *************

[Be69]. F.D.
1190 (1969) .

[Be71]. F.D.
llpolarizatiOn

Barschall and
1971) p.682.
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41093 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

!?onelastic, elastic, and Production cross sections for Ac5 ejectiles in barns:
Energy nonelas elastic neutron proton deuteron triton helium3 alpha WtsUna

...-.-..—..-.-— . . —. .. .... . . .~...,. ~.

2.000E+01’ 1.741E+O0’”1.614E+O0 3.165E+O0 1.649E-01’2.419E-02 2.673E-03 0.000E+OO 2.138E-02 4.697E+O0
2.200E+01 1.708E+O0 1.472E+O0 3.347E+O0 1.992E-01 2.859E-02 3.432E-03 0.000E+OO 2.339E-02 4.269E+O0
2.400E+01 1.675E+O0 1.384E+O0 3.466E+O0 2.338E-01 3.254E-02 4.109E-O3 0.000E+OO 2.502E-02 4.190E+O0
2.600E+01 1.644E+O0 1.316E+O0 3.525E+O0 2.700E-01 3.620E-02 4.686E-03 0.000E+OO 2.626E-02 4.318E+O0
2.800E+01 1.620E+O0 1.260E+O0 3.548E+O0 3.l13E-01 3.978E-02 5.174E-03 0.000E+OO 2.725E-02 4.523E+O0
3.000E+O1 1.599E+O0 1.252E+O0 3.555E+O0 3.640E-01 4.312E-02 5.579E-03 0.000E+OO 2.794E-02 4.667E+O0
3.500E+01 1.545E+O0 1.331E+O0 3.594E+O0 5.107E-O1 4.916E-02 6.319E-03 0.000E+OO 2.883E-02 4.695E+O0
4.000E+O1 1.494E+O0 1.466E+O0 3.678E+O0 6.320E-01 5.320E-02 6.776E-03 0.000E+OO 2.948E-02 4.399E+O0
4.500E+01 1.449E+O0 1.615E+O0 3.742E+O0 7.247E-01 5.537E-02 7.035E-03 0.000E+OO 3.052E-02 4.225E+O0
5.000E+O1 1.406E+O0 1.743E+O0 3.806E+O0 7.881E-01 5.708E-02 7.171E-03 0.000E+OO 3.272E-02 4.138E+O0
5.500E+01 1.367E+O0 1.839E+O0 3.874E+O0 8.332E-01 5.791E-02 7.274E-03 0.000E+OO 3.680E-02 4.162E+O0
6.000E+O1 1.330E+O0 1.885E+O0 3.933E+O0 8.691E-01 5.768E-02 7.352E-03 0.000E+OO 4.272E-02 4.218E+O0
6.500E+01 1.296E+O0 1.929E+O0 3.971E+O0 9.009E-01 5.807E-02 7.445E-03 0.000E+OO 4.990E-02 4.283E+O0
7.000E+O1 1.263E+O0 1.911E+O0 3.955E+O0 9.375E-01 5.895E-02 7.643E-03 0.00033+00 5.856E-02 3.967E+O0
7.500E+01 1.232E+O0 1.886E+O0 3.978E+O0 9.61OE-O1 5.921E-02 7.851E-03 0.000E+OO 6.621E-02 3.912E+O0
8.000E+O1 1.202E+O0 1.838E+O0 4.009E+O0 9.844E-01 5.927E-02 8.266E-03 0.000E+OO 7.503E-02 3.808E+O0
8.500E+01 1.175E+O0 1.790E+O0 4.042E+O0 1.004E+O0 5.928E-02 8.843E-03 0.000E+OO 8.392E-02 3.749E+O0
9.000E+O1 1.150E+O0 1.730E+O0 4.068E+O0 1.023E+O0 5.935E-02 9.564E-03 0.000E+OO 9.219E-02 3.687E+O0
9.500E+01 1.126E+O0 1.644E+O0 4.089E+O0 1.046E+O0 5.955E-02 1.052E-02 0.000E+OO 1.007E-01 3.585E+O0
1.000E+02 1.104E+OO 1.579E+O0 4.109E+OO 1.066E+O0 5.979E-02 1.151E-02 0.000E+OO 1.077E-01 3.520E+O0
1.1OOE+O2 1.066E+O0 1.424E+O0 4.156E+O0 1.109E+OO 6.055E-02 1.388E-02 0.000E+OO 1.209E-01 3.377E+O0
1.200E+02 1.036E+O0 1.284E+O0 4.205E+O0 1.153E+O0 6.144E-02 1.653E-02 0.000E+OO 1.324E-01 3.352E+O0
1.300E+02 1.014E+O0 1.158E+O0 4.282E+O0 1.203E+O0 6.212E-02 1.963E-02 0.000E+OO 1.441E-01 3.315E+O0
1.400E+02 9.996E-01 1.040E+O0 4.353E+O0 1.252E+O0 6.331E-02 2.247E-02 0.000E+OO 1.532E-01 3.271E+O0
1.500E+02 9.925E-01 9.275E-01 4.447E+O0 1.309E+O0 6.511E-02 2.584E-02 0.000E+OO 1.636E-01 3.251E+O0

41093 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

Kerma coefficients in units of f.Gy.!s~2:
Energy proton deuteron triton heliumil alpha non-ret elas-rec

2.000E+O1 1.725E-01 2.892E-02 2.534E-03 0.000E+OO 3.192E-02 4.614E-02 8.936E-03
2.200E+01 2.191E-01 3.770E-02 3.595E-03 0.000E+OO 3.587E-02 4.940E-02 9.504E-03
2.400E+01 2.692E-01 4.677E-02 4.698E-03 0.000E+OO 3.936E-02 5.229E-02 1.007E-02
2.600E+01 3.243E-01 5.624E-02 5.792E-03 0.000E+OO 4.229E-02 5.482E-02 1.032E-02
2.800E+01 3.869E-01 6.644E-02 6.859E-03 0.000E+OO 4.487E-02 5.718E-02 1.017E-02
3.000E+O1 4.588E-01 7.711E-02 7.876E-03 0.000E+OO 4.700E-02 5.941E-02 1.00IE-02
3.500E+01 6.592E-01 1.028E-01 1.022E-02 0.000E+OO 5.094E-02 6.454E-02 9.425E-03
4.000E+O1 8.625E-01 1.281E-01 1.223E-02 0.000E+OO 5.420E-02 6.934E-02 8.815E-03
4.500E+01 1.056E+O0 1.498E-01 1.393E-02 0.000E+OO 5.762E-02 7.333E-02 8.347E-03
5.000E+O1 1.230E+O0 1.707E-01 1.532E-02 0.000E+OO 6.226E-02 7.658E-02 7.940E-03
5.500E+01 1.391E+O0 1.884E-01 1.657E-02 0.000E+OO 6.917E-02 7.940E-02 7.572E-03
6.000E+O1 1.543E+O0 2.008E-01 1.767E-02 0.000E+OO 7.852E-02 8.163E-02 7.170E-03
6.500E+01 1.690E+O0 2.164E-01 1.863E-02 0.000E+OO 8.967E-02 8.356E-02 6.901E-03
7.000E+O1 1.839E+O0 2.347E-01 1.957E-02 0.000E+OO 1.029E-01 8.581E-02 6.516E-03
7.500E+01 1.981E+O0 2.505E-01 2.037E-02 0.000E+OO 1.151E-01 8.695E-02 6.195E-03
8.000E+O1 2.114E+O0 2.643E-01 2.119E-02 0.000E+OO 1.289E-01 8.816E-02 5.864E-03
8.500E.tOl 2.240E+O0 2.774E-01 2.204E-02 0.000E+OO 1.431E-01 8.917E-02 5.588E-03
9.000E+O1 2.367E+O0 2.904E-01 2.294E-02 0.000E+OO 1.566E-01 9.005E-02 5.312E-03
9.!300E+01 2.490E+O0 3.027E-01 2.399E-02 0.000E+OO 1.704E-01 9.090E-02 4.984E-03
1.000E+02 2.617E+O0 3.153E-01 2.507E-02 0.000E+OO 1.824E-01 9.152E-02 4.741E-03
1.1OOE+O2 2.873E+O0 3.399E-01 2.755E-02 0.000E+OO 2.051E-01 9.280E-02 4.226E-03
1.200E+02 3.137E+O0 3.621E-01 3.031E-02 0.000E+OO 2.253E-01 9.376E-02 3.792E-03
1.300E+02 3.416E+O0 3.741E-01 3.357E-02 0.000E+OO 2.459E-01 9.809E-02 3.417E-03
1.400E+02 3.725E+O0 3.941E-01 3.663E-02 0.000E+OO 2.625E-01 1.033E-01 3.072E-03
1.500E+02 4.054E+O0 4.131E-01 4.023E-02 0.000E+OO 2.813E-01 1.086E-01 2.745E-03

TOTAL

2.91OE-O1
3..551E-O1
4.224E-01
4.937E-01
5.725E-01
6.602E-01
8.971E-01
1.135E+O0
1.359E+O0
1.563E+O0
1.752E+O0
1.929E+O0
2.105E+OO
2.289E+O0
2.460E+O0
2.622E+O0
2.778E+O0
2.932E+O0
3.083E+O0
3.236E+O0
3.542E+O0
3.853E+O0
4.171E+O0
4.525E+O0
4.900E+O0
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EVALUATION OF n + 182W CROSS SECTIONS FOR THE ENERGY
RANGE I.OE-11 to 150 MeV

M. B. Chadwick and P. G. Young
16 October 1996

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
neutron energy range f~om 1.OE-11 to 150 MeV. The discussion
here is divided into the region below and above 20 MeV.

INCIDENT NEUTRON ENERGIES < 20 MeV

Below 20 MeV the evaluation is based completely on the ENDF/B-
VI.O (Release O) evaluation, which was carried over from ENDF/B-
V.2 [Ar80] . The following modifications were made
ENDF/B-VI.O evaluation:

1. The derived MF=3 files for MT=203 and 207 were

to the

removed.

INCIDENT NEUTRON ENERGIES > 20 MeV

The evaluation above 20 MeV utilizes MF=6, MT=5 to represent
all reaction data. Production cross sections and emission
spectra are given for’’neutrons, protons, deuterons, tritons,
alpha particles, gamma rays, and all residual nuclides produced
(A>5) in the reaction chains. To summarize, the ENDF sections
with non-zero data above En = 20 MeV are:

MF=3 MT= 1 Total Cross Section
MT= 2 Elastic Scattering Cross Section
MT= 3 Nonelastic Cross Section
MT= 5 Sum of Binary (n,n’) and (n,x) Reactions

MF=4 MT= 2 Elastic Angular Distributions

MF=6 MT= 5 Production Cross Sections and Energy-Angle
Distributions for Emission Neutrons, Protons,
Deuterons, and Alphas; and Angle-Integrated
Spectra for Gamma Rays and Residual Nuclei That
Are Stable Against Particle Emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
W, n + Ta, p + Ta, and p + W reactions (Ch96a). We use the GNASH
code system (Y092) , which utilizes Hauser-Feshbach statistical,
preequilibrium and direct-reaction theories. Coupled-channels
and spherical optical model calculations are used to obtain
particle transmi,sslon coefficients for the Hauser-Feshbach
calculations, as well as for the elastic neutron angular
distributions .



Cross sections and spectra for producing individual residual
nuclei are included for reactions that exceed a cross section of
approximately 1 nb at any energy. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
Because af the almost total absence of W data, the neutron

total cross section above 20 MeV is based on the measurements of
Finlay et al. (Fi93) of the n + Ta total cross section. A
coupled-channels neutron optical model potential based on
earlier work to 100 MeV (Y090) is utilized to 80 MeV, and the
global spherical optical model potential of Madland (Ma88) is
used at higher energies. For protons, the Beccetti-Greenlees
potential (Be69) is utilized below 50 MeV, and the Madland
Semmering potential (Ma88) at higher energies. The Perey
potential (Pe63) is used for deuterons, and the Beccetti-
Greenlees potential (Be71) for tritons. The ECIS79 code (Ra72)
was used for the coupled-channels optical model calculations,
and the SCAT2 code (Be92) was utilized for the spherical optical
model calculations. Minor normalizations were made to the
reaction cross sections and transmission coefficients to produce
agreement with the (sparse) measurements for W and values
inferred from systematic of proton and neutron reaction cross
sections from measurements on other targets.

A model was developed to calculate the energy distributions of
all recoil nuclei in the GNASH calculations (Ch96b) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. Note
that all other data in MT=5,MF=6 are given in the center-of-mass
system. This method of representation requires a modification of
the original ENDF-6 format.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85) , validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyuk (Ig75) and pairing and shell
parameters from the Cook (C067) analysis. Neutron and charged-
particle transmission coefficients were obtained from the
optical potentials, as discussed above. Gamma-ray transmission
coefficients were calculated using the Kopecky-Uhl model (K090) .

**************** **************** **************** ****************

REFERENCES

[Ar80] . E.D. Arthur, P.G. Young, A.B. Smith, and C. Philis,
ENDF/B-V.2 evaluation, carried over to ENDF/B-VI.

[Be69] . F.D. Becchetti, Jr., and G.W. Greenlees, Phys. Rev.
182, 1190 (1969).

[Be71] . F.D. Becchetti, Jr., and G.W. Greenlees in
“Polarizatiion-Phenomena_–fi-Nuc2.R~.~..” (.Ed..H+.H..
Barschall and W. Haeberli, The University of Wisconsin Press,
1971) p.682.

[Be92] . 0. Bersillon, “SCAT2 - A Spherical Optical Model Code, “
in Proc. ICTP Workshop on Computation and Analysis of Nuclear
Data Relevant to Nuclear Energy and Safety, 10 February-13
March, 1992, Trieste, Italy, to be published in World Scientific



Press, and Progress Report of the Nuclear Physics Division,
Bruyeres-le-Chatel 1977, CEA-N-2037, p.111 (1978).

[Ch93] . M.B. Chadwick and P G. Young, “Feshbach-Kerman-Koonin
Analysis of 93”Nb Reactions: P --> Q Transitions and Reduced
Importance of Multistep Compound Emission, “ Phys. Rev. C 47,
2255 (1993).

[Ch96al. M. B. Chadwick and P. G. Young, “GNASH Calculations of
n,p + 182,183,184,186W and Benchmarking of Results” in APT
PROGRESS REPORT: i August - 1 September 1996, internal Los
Alamos National Laboratory memo T-2-96/MS-40, 7 Sept. 1996 from
R.E. MacFarlane to L-. Waters.

[Ch96bl . M. B. Chadwick, P. G. Young, R. E. MacFarlane, and A.
J. Koning, I!High-Energy Nuclear Data Libraries for Accelerator-

Driven Technologies: Calculational Method for Heavy Recoils, ”
Proc . of 2nd Int. Conf. on Accelerator Driven Transmutation
Technology and Applications, Kalmar, Sweden, 3-7 June 1996.

[C067] . J.L. Cook, H. Ferguson, and A.R. Musgrove, “Nuclear
Level Densities in Intermediate and Heavy Nuclei, “ Aust.J.Phys.
20, 477 (1967).

[Fi93] . R. Finlay et al., Phys. Rev. 47, 237 (1993).

[Ig75]. A.V. Ignatyuk, G.N. Smirenkin, and A.S. Tishin,
“Phenomenological Description of the Energy Dependence of the
Level Density Parameter, ” Sov. J. Nucl. Phys. 21, 255 (1975) .

[Ka77] . C. Kalbach, “The Griffin Model, Complex Particles and
Direct Nuclear Reactions, ” Z.Phys.A 283, 401 (1977) .

[Ka85] . C. Kalbach, “PRECO-D2: Program for Calculating
Preequilibrium and Direct Reaction Double Differential Cross
Sections, ‘1Los Alamos National Laboratory report LA-10248-MS
(1985) .

[Ka88] . C. Kalbach, llSystematics of Continuum Angular
Distributions : Extensions to Higher Energies, ” Phys.Rev.C 37,
2350 (1988); see also C. Kalbach and F. M. Mann, “Phenomenology
of Continuum Angular Distributions. I. Systematic and
Parameterization, ” Phys.Rev.C 23, 112 (1981) .

[K090] . J. Kopecky and. M. Uhl, “Test of Gamma-Ray Strength
Functions in Nuclear Reaction Model Calculations, ” Phys.Rev.C
42, 1941 (1990).

[Ma88] . D.G. Madland, “Recent Results in the Development of a
Global Medium-Energy Nucleon-Nucleus Optical-Model Potential, ”
Proc. OECD/NEANDC Specialist’s Mtg. on Preequilibrium Nuclear
Reactions, Semmering, Austria:. 10-12 ??e.b.198.8,.NEANDC-245 ‘.U’
(1988) .

[Pe63] . C. M. Perey and F. G. Perey, Phys. Rev. 132, 755 (1963) .

[Ra72] . J. Raynal, “Optical Model and Coupled-Channels
calculations in Nuclear Physics, ” IAEA SMR-9/8 (1972) p. 281.

[Y090] . P.G. Young, E.D. Arthur, M. Bozoian, T.R. England, G.M.



Hale, R.J. LaBauve, R.C. Little, R.E. MacFarlane, D.G. Madland,
R.T. Perry, and W.B. Wilson, “Transport D~t~ Libraries for
Incident Proton and Neutron Energies to 100 MeV,” Los Alamos
National Laboratory report LA-11753-MS (July 1990) .

[Y0921 . P.G. Young, E.D. Arthur, and M.B. Chadwick,
I!Comprehensive Nuclear Model Calculations : Introduction to the
Theory and Use of the GNASH Code,” LA-12343-MS (1992) .

.



nw182.la150 .out.xsinfio Tue May 19 17:44:02 1998 1

743-82 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000z+A

Nonelastic, elastic, and Production cross sections for A<5 ejectiles in barns:
?3nerpy nonelas elastic neutron proton deuteron triton helium3 alpha gamma

,.
2.000E+O1 2.446E+O0 2.938E+O0 5.384E+O0 3.822E-02 5.754E-03’4 .983E-04 0.000E+OO 2.574E-03 1.033E+01
2.200E+01 2.439E+O0 2.791E+O0 5.665E+O0 5.443E-02 8.260E-03 8.634E-04 O.OOOE+OO 3.213E-03 1.118E+01
2.400E+01 2.435?3+00 2.631E+O0 5.822E+O0 7.357E-02 1.050E-02 1.250E-03 0.000E+OO 3.806E-03 1.236E+01
2.600E+01 2.424E+O0 2.459E+O0 5.940E+O0 9.573E-02 1.298E-02 1.634E-03 0.000E+OO 4.368E-03 1.317E+01
2.800E+01 2.411E+O0 2.274E+O0 6.180E+O0 1.21OE-O1 1.541E-02 1.976E-03 0.000E+OO 4.868E-03 1.275E+01
3.000E+O1 2.394E+O0 2.116E+O0 6.463E+O0 1.484E-01 1.782E-02 2.297E-03 0.000E+OO 5.335E-03 1.217E+01
3.500E+01 2.344E+O0 1.866E+O0 6.779E+”O0 2.198E-01 2.299E-02 2.884E-03 0.000E+OO 6.414E-03 1.219E+01
4.000E+O1 2.292E+O0 1.764E+O0 7.076E+O0 2.870E-01 2.693E-02 3.244E-03 0.000E+OO 7.502E-03 1.208E+01
4.500E+01 2.238E+O0 1.808E+O0 7.266E+O0 3.501E-01 2.961E-02 3.497E-03 0.000E+OO 8.598E-03 1.177E+01
5.000E+O1 2.183E+O0 1.917E+O0 7.453E+O0 4.067E-01 3.168E-02 3.657E-03 0.000E+OO 9.750E-03 1.164E+01
5.500E+01 2.129E+O0 2.091E+O0 7.609E+O0 4.571E-01 3.327E-02 3.790E-03 0.000E+OO 1.099E-02 1.143E+01
6.000E+O1 2.081E+O0 2.256E+O0 7.761E+O0 5.042E-01 3.450E-02 3.894E-03 0.000E+OO 1.245E-02 1.128E+01
15.500E+01 2.048E+O0 2.382E+O0 7.940E+O0 5.503E-01 3.572E-02 4.019E-03 0.000E+OO 1.41OE-O2 1.119E+01
7.000E+O1 2.021E+O0 2.479E+O0 8.O1OE+OO 5.944E-01 3.619E-02 4.146E-03 0.000E+OO 1.61OE-O2 9.138E+O0
7.500E+01 1.997E+O0 2.530E+O0 8.189E+O0 6.369E-01 3.701E-02 4.275E-03 0.000E+OO 1.81OE-O2 9.153E+O0
8.000E+O1 1.971E+O0 2.554E+O0 8.404E+O0 6.674E-01 3.733E-02 4.473E-03 0.000E+OO 2.096E-02 9.081E+O0
8.500E+01 1.941E+O0 2.577E+O0 8.563E+O0 6.923E-01 3.780E-02 4.779E-03 0.000E+OO 2.427E-02 8.861E+O0
9.000E+O1 1.91OE+OO 2.558E+O0 8.71OE+OO 7.122E-01 3.828E-02 5.174E-03 0.000E+OO 2.794E-02 8.647E+O0
9.500E+01 1.874E+O0 2.498E+O0 8.814E+O0 7.320E-01 3.841E-02 5.556E-03 0.000E+OO 3.158E-02 8.590E+O0
1.000E+02 1.837E+O0 2.435E+O0 8.890E+O0 7.468E-01 3.837E-02 6.009E-03 0.000E+OO 3.554E-02 8.678E+O0
1.1OOE+O2 1.774E+O0 2.31OE+OO 9.036E+O0 7.781E-01 3.831E-02 7.073E-03 0.000E+OO 4.409E-02 8.155E+O0
1.200E+02 1.721E+O0 2.119E+O0 9.182E+O0 8.087E-01 3.821E-02 8.378E-03 0.000E+OO 5.333E-02 7.817E+O0
1.300E+02 1.678E+O0 1.962E+O0 9.323E+O0 8.405E-01 3.809E-02 9.918E-03 0.000E+OO 6.308E-02 7.453E+O0
1.400E+02 1.645E+O0 1.788E+O0 9.498E+O0 8.764E-01 3.803E-02 1.167E-02 0.000E+OO 7.321E-02 7.282E+O0
1.500E+02 1.624E+O0 1.646E+O0 9.695E+O0 9.181E-01 3.811E-02 1.359E-02 0.000E+OO 8.367E-02 7.169E+O0

74182 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000z+A

Kerma coefficients in units of f.Gy.mA2:
Energy proton deuteron triton helium3 alpha non-ret elas-rec

2.000E+O1 2.642E-02 3.830E-03 2.823E-04 0.000E+OO 2.870E-03 1.687E-02 2.208E-03
2.200E+01 3.984E-02 6.069E-03 5.381E-04 0.000E+OO 3.722E-03 1.835E-02 2.298E-03
2.400E+01 5.658E-02 8.369E-03 8.466E-04 0.000E+OO 4.561E-03 1.975E-02 2.379E-03
2.600E+01 7.707E-02 1.118E-02 1.193E-03 0.000E+OO 5.389E-03 2.1OOE-O2 2.502E-03
2.800E+01 1.019E-01 1.426E-02 1.545E-03 0.000E+OO 6.168E-03 2.222E-02 2.644E-03
3.000E+O1 1.307E-01 1.763E-02 1.911E-03 0.000E+OO 6.933E-03 2.331E-02 2.812E-03
3.500E+01 2.162E-01 2.643E-02 2.732E-03 0.000E+OO 8.757E-03 2.555E-02 3.214E-03
4.000E+O1 3.129E-01 3.543E-02 3.417E-03 0.000E+OO 1.055E-02 2.777E-02 3.504E-03
4.500E+01 4.181E-01 4.362E-02 4.037E-03 0.000E+OO 1.235E-02 2.948E-02 3.670E-03
5.000E+O1 5.253E-01 5.154E-02 4.567E-03 0.000E+OO 1.417E-02 3.093E-02 3.698E-03
.5.500E+01 6.328E-01 5.900E-02 5.060E-03 0.000E+OO 1.605E-02 3.203E-02 3.711E-03
6.000E+O1 7.431E-01 6.602E-02 5.489E-03 0.000E+OO 1.809E-02 3.304E-02 3.665E-03
6.!500E+01 8.594E-01 7.321E-02 5.927E-03 0.000E+OO 2.034E-02 3.412E-02 3.544E-03
7.000E+O1 9.797E-01 7.829E-02 6.31OE-O3 0.000E+OO 2.293E-02 3.532E-02 3.422E-03
7.500E+01 1.105E+OO 8.482E-02 6.657E-03 0.000E+OO 2.550E-02 3.611E-02 3.226E-03
8.000E+O1 1.215E+O0 9.017E-02 6.971E-03 0.000E+OO 2.878E-02 3.692E-02 2.997E-03
8.500E+01 1.320E+O0 9.604E-02 7.411E-03 0.000E+OO 3.241E-02 3.752E-02 1.556E-03
9.000E+O1 1.419E+O0 1.020E-01 7.917E-03 0.000E+OO 3.638E-02 3.801E-02 1.520E-03
9.500E+01 1.520E+O0 1.068E-01 8.311E-03 0.000Fs+OO 4.031E-02 3.819E-02 1.469E-03
1.000E+02 1.612E+O0 1.109E-O1 8.715E-03 0.000E+OO 4.451E-02 3.830E-02 1.424E-03
1.1OOE+O2 1.805E+O0 1.187E-01 9.573E-03 0.000E+OO 5.355E-02 3.849E-02 1.349E-03
1.200E+02 2.00IE+OO 1.253E-01 1.051E-02 0.000E+OO 6.338E-02 3.857E-02 1.248E-03
1.300E+02 2.203E+O0 1.305E-01 1.154E-02 0.000E+OO 7.391E-02 3.990E-02 1.177E-03
1.400E+02 2.417E+O0 1.348E-01 1.267E-02 0.000E+OO 8.504E-02 4.213E-02 1.107E-O3
1.500E+02 2.649E+O0 1.386E-01 1.391E-02 0.000E+OO 9.669E-02 4.440z-02 1.074E-03

TOTAL

5.247E-02
7.082E-02
9.248E-02
1.183E-01
1.487E-01
1.833E-01
2.829E-01
3.935E-01
5.112E-01
6.302E-01
7.487E-01
8.694E-01
9.965E-01
1.126E+O0
1.261E+O0
1.381E+O0
1.495E+O0
1.605E+O0
1.715E+O0
1.816E+O0
2.026E+O0
2.240E+O0
2.460E+O0
2.693E+O0
2.943E+O0
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EVALUATION OF n + 183W CROSS SECTIONS FOR THE ENERGY
RANGE 1.OE-11 to 150 MeV

M. B. Chadwick and P. G. Youn’g
16 october 1996

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
neutron energy range from 1.OE-11 to 150 MeV. The discussion
here is divided into..the region below and above 20 MeV.

INCIDENT NEUTRON ENERGIES < 20 MeV

Below 20 MeV the evaluation is based completely on the ENDF/B-
VI.O (Release 0) evaluation, which was carried over from ENDF/B-
V.2 [Ar80]. The following modifications were made to the
ENDF/B-VI.O evaluation:

1. The derived MF=3 files for MT=203 and 207 were removed.

INCIDENT NEUTRON ENERGIES > 20 MeV

The evaluation above 20 MeV utilizes MF=6, MT=5 to represent
all reaction data. Production cross sections and emission
spectra are given for neutrons, protons, deuterons, tritons,
alpha particles, gamma rays, and all residual nuclides produced
(A>5) in the reaction chains. To summarize, the ENDF sections
with non-zero data above En = 20 MeV are:

MF=3 MT= 1 Total, Cross Section
MT= 2 Elastic Scattering Cross Section
MT= 3 Nonelastic Cross Section
MT= 5 Sum of Binary (n,n’) and (n,x) Reactions

MF=4 MT= 2 Elastic Angular Distributions

MF=6 MT= 5 Production Cross Sections and Energy-Angle
Distributions for Emission Neutrons, Protons,
Deuterons, and Alphas; and Angle-Integrated
Spectra for Gamma Rays and Residual Nuclei That
Are Stable Against Particle Emission

The evaluation is based_on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
W, n + Ta, p + Ta, and p + W reactions (Ch96a) . We use the GNASH
code system (Y092), which utilizes Hauser-Feshbach statistical,
preequilibrium and direct-reaction theories. Coupled-channels
and spherical optical model calculations are used to obtain
particle transmission coefficients for the Hauser-Feshbach
calculations, as well as for the elastic neutron angular
distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions that exceed a cross section of
approximately 1 nb at any energy. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
{Ka88) .
Because of the almost total absence of W data, the neutron

total cross section above 20 MeV is based on the measurements of



Finlay et al. (Fi93) of the n + Ta total cross section. A
coupled-channels neutron optical model potential based on
earlier work to 100 MeV (Y090) is utilized to 80 MeV, and the
global spherical optical model potential of Madland (Ma88) is
used at higher energies. For protons, the Beccetti-Greenlees
potential (Be69) is utilized below 50 MeV, and the Madland
Semmering potential (Ma88) at higher energies. The Perey
potential (Pe63) is used for deuterons, and the Beccetti-
Greenlees potential (Be71) for tritons. The ECIS79 code (Ra72)
was used for the coupled-channels optical model calculations,
and the SCAT2 code (Be92) was utilized for the spherical optical
model calculations. Minor normalizations were made to the
reaction cross sections and transmission coefficients to produce
agreement with the (sparse) measurements for W and values
inferred from systematic of pro-ton and neutron reaction cross
sections from measurements on other targets.

A model was developed to calculate the energy distributions of
all recoil nuclei in the GNASH calculations (Ch96b) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. Note
that all other data in MT=5,MF=6 are given in the center-of-mass
system. This method of representation requires a modification of
the original ENDF-6 format.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85) , validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyuk (Ig75) and pairing and shell
parameters from the Cook (C067) analysis. Neutron and charged-
particle transmission coefficients were obtained from the
optical potentials, as discussed above. Gamma-ray transmission
coefficients were calculated using the Kopecky-Uhl model (K090) .

**************** **************** **************** ****************
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74183 = l!~G3YI 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

liondastict elastic, and Production cross sections for A<5 ejectiles in barns:
En-xgy nonel as elastic neutron proton deuteron triton helium3 alpha ganmla

2.000E+O1 2.446E+O0 2.938E+O0 5.639E+O0 3.518E-02 5.546E-03 “9.391E-04 0.000E+OO 3.476E-03 9.209E+O0
2.200E+01 2.439E+O0
2.400E+01 2.435E+O0
2.600E+01 2.424E+O0
2.800E+01 2.411E+O0
3.000E+O1 2.394E+O0
3.500E+01 2.344E+O0
4.000E+O1 2.292E+O0
4.500E+01 2.238E+O0
.5.000E+O1 2.183E+O0
5.500E+01 2.129E+O0
6.000E+O1 2.081E+O0
6.500E+01 2.048E+O0
7.000E+O1 2.021E+O0
7.500E+01 1.997E+O0
8.000E+Ol 1.971E+O0
8.500E+01 1.941E+O0
9.000E+O1 1.91OE+OO
9.500E+01 1.874E+O0
1.000E+02 1.837E+O0
1.1OOE+O2 1.774E+O0
1.200E+02 1.721E+O0
1.300E+02 1.678E+O0
1.400E+02 1.645E+O0
1.500?3+02 1.624E+O0

2.791E+O0
2.631E+O0
2.459E+O0
2.274E+O0
2.116E+O0
1.866E+O0
1.764E+O0
1.808E+O0
1.917E+O0
2.091E+O0
2.256E+O0
2.382E+O0
2.479E+O0
2.530E+O0
2.554E+O0
2.577E+O0
2.558E+O0
2.498E+O0
2.435E+O0
2.31OE+OO
2.119E+O0
1.962E+O0
1.788E+O0
1.646E+O0

5.824E+O0
5.993E+O0
6.277E+O0
6.596E+O0
6.806E+O0
7.014E+O0
7.316E+O0
7.482E+O0
7.679E+O0
7.819E+O0
7.976E+O0
8.158E+O0
8.248E+O0
8.457E+O0
8.694E+O0
8.877E+O0
9.O1lE+OO
9.126E+O0
9.194E+O0
9.339E+O0
9.476E+O0
9.620E+O0
9.794E+O0
9.999E+O0

5,013E-02 7.960E-03 1.385E-03 0.000E+OO 4.031E-03 1.008E+01
6.805E-02 1.037E-02 1.811E-03 0.000E+OO 4.507E-03 1.092E+01
8.906E-02 1.279E-02 2.207E-03 0.000E+OO 4.929E-03 1.116E+01
1.132E-01 1.517E-02 2.538E-03 0.000E+OO 5.278E-03 1.126E+01
1.396E-01 1.753E-02 2.833E-03 0.000E+OO 5.593E-03 1.155E+01
2.084E-01 2.253E-02 3.320E-03 0.000E+OO 6.319E-03 1.245E+01
2.751E-01 2.638E-02 3.587E-03 0.000E+OO 7.000E-03 1.181E+01
3,367E-01 2.920E-02 3.761E-03 0.000E+OO 7.735E-03 1.156E+01
3.924E-01 3.129E-02 3.854E-03 0.000E+OO 8.576E-03 1.130E+01
4.420E-01 3.279E-02 3.930E-03 0.000E+OO 9.516E-03 1.121E+01
4.886E-01 3.361E-02 3.982E-03 0.000E+OO 1.059E-02 1.106E+O1
5.342E-01 3.480E-02 4.068E-03 0.000E+OO 1.191E-02 1.078E+01
5.781E-01 3.524E-02 4.158E-03 0.000E+OO 1.355E-02 9.094E+O0
6.182E-01 3.597E-02 4.266E-03 0.000E+OO 1.544E-02 9.088E+O0
6.470E-01 3.624E-02 4.448E-03 0.000E+OO 1.793E-02 9.050E+O0
6.703E-01 3.665E-02 4.746E-03 0.000E+OO 2.061E-02 9.027E+O0
6.917E-01 3.718E-02 5.117E-03 0.000E+OO 2.348E-02 8.745E+O0
7.098~-01 3.726E-02 5.506E-03 0.000E+OO 2.679E-02 8.407E+O0
7.256E-01 3.726E-02 5.930E-03 0.000E+OO 3.O1lE-02 8.227E+O0
7.554E-01 3.718E-02 6.988E-03 0.000E+OO 3.744E-02 7.953E+O0
7.842E-01 3.703E-02 8.296E-03 0.000E+OO 4.558E-02 7.618E+O0
8.138E-01 3.689E-02 9.849E-03 0.000E+OO 5.439E-02 7.358E+O0
8.465E-01 3.681E-02 1.162E-02 0.000E+OO 6.391E-02 7.156E+O0
8.834E-01 3.675E-02 1.361E-02 0.000E+OO 7.435E-02 7.013E+00

74183 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

Kerma coefficients in units of f.Gy.ntA2:
Energy proton deuteron tri.ton helium3 alpha non-ret elas-rec

2.000E+O1 2.440E-02 3.676E-03 5.682E-04 O.OOOE+OO” 4.015E-03 1.682E-02 2.254E-03
2.200E+01 3.677E-02 5.824E-03 9.141E-04 0.000E+OO 4.839E-03 1.828E-02 2.273E-03
2.400E+01 5.239E-02 8.273E-03 1.291E-03 0.000G+QO 5.604E-03 1.964E-02 2.353E-03
2.600E+01 7.174E-02 1.102E-O2 1.689E-03 0.000E+OO 6.330E-03 2.094E-02 2.475E-03
2.800E+01 9.540E-02 1.403E-02 2.072E-03 0.000E+OO 6.981E-03 2.213E-02 2.615E-03
3,000E+01 1.230E-01 1.733E-02 2.452E-03 0.000E+OO 7.593E-03 2.321E-02 2.781E-03
3.500E+01 2.050E-01 2.588E-02 3.251E-03 0.000E+OO 9.065E-03 2.536E-02 3.180E-03
4.000E+O1 3.002E-01 3.467E-02 3.898E-03 0.000E+OO 1.045E-02 2.746E-02 3.466E-03
4.500E+01 4.025E-01 4.309E-02 4.480E-03 0.000E+OO 1.184E-02 2.913E-02 3.631E-03
5.000E+O1 5.072E-01 5.098E-02 4.964E-03 0.000E+OO 1.330E-02 3.057E-02 3.658E-03
5.500E+01 6.124E-01 5.816E-02 5.412E-03 0.000E+OO 1.483E-02 3.163E-02 3.671E-03
6.000E+O1 7.207E-01 6.388E-02 5.796E-03 0.000E+OO 1.647E-02 3.260E-02 3.625E-03
6,500E+01 8.348E-01 7.080E-02 6.194E-03 0.000E+OO 1.835E-02 3.357E-02 3.506E-03
7.000E+O1 9.539E-01 7.561E-02 6.536E-03 0.000E+OO 2.052E-02 3.4733+02 3.385E-03
7.500E+01 1.074E+O0 8.171E-02 6.838E-03 0.000E+OO 2.285E-02 3.556E-02 3.191E-03
8.000E+O1 1.180E+O0 8.670E-02 7.114E-03 0.000E+OO 2.569E-02 3.641E-02 2.965E-03
8.500E+01 1.282E+O0 9.219E-02 7.523E-03 0.000E+OO 2.871E-02 3.697E-02 1.539E-03
9.000E+O1 1.382E+O0 9.806E-02 8.008E-03 0.000E+OO 3.189E-02 3.750E-02 1.504E-03
9.500E+01 1.479E+O0 1.025E-01 8.377E-03 0.000E+OO 3.542E-02 3.767E-02 1.453E-03
1.000E+02 1.574E+O0 1.067E-01 8.752E-03 0.000E+OO 3.892E-02 3.778E-02 1.409E-03
1,1OOE+O2 1.764E+O0 1.141E-01 9.567E-03 0.000E+OO 4.666E-02 3.789E-02 1.334E-03
1.200E+02 1.958E+O0 1.203E-01 1.046E-02 0.000E+OO 5.528E-02 3.797E-02 1.23433-03
1.300E+02 2.158E+O0 1.253E-01 1.148E-02 0.000E+OO 6.470E-02 3.920E-02 1.164E-03
1.400E+02 2.369E+O0 1.295E-01 1.259E-02 0.000E+OO 7.495E-02 4.134E-02 1.09533-03
1.500E+02 2.596E+O0 1.322E-01 1.384E-02 0.000E+OO 8.611E-02 4.365E-02 1.06311-03

TOTAL

5.173E-02
6.890E-02
8.956E-02
1.142E-01
1.432E-01
1.764E-01
2.718E-01
3.801S-01
4.946E-01
6.lo7a-ol
7.261E-01
8.430E-01
9.672a-ol
1.095E+O0
1.224E+O0
1.339E+O0
1.448E+O0
1.559E+O0
1.665E+O0
1.768E+O0
1.974E+O0
2.18413+00
2.400E+O0
2.629E+O0
2.872E+O0
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EVALUATION OF n + 184W CROSS SECTIONS FOR THE ENERGY
RANGE 1.OE-11 to 150-MeV

M. B. Chadwick and P. G. Young
4 October 1996

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
neutron energy range from 1.OE-11 to 150 MeV. The discussion
here is divided into the region below and above 20 MeV.

INCIDENT NEUTRON ENERGIES < 20 MeV

Below 20 MeV the evaluation is based completely on the ENDF/B-
VI.O (Release O) evaluation, which was carried over from ENDF/B-
V.2 [Ar80] . The following modifications were made to the
ENDF/B-VI.O evaluation:

1. The derived MF=3 files for MT=203 and 207 were removed.

INCIDENT NEUTRON ENERGIES > 20 MeV

The evaluation above 20 MeV utilizes MF=6, MT=5 to represent
all reaction data. Production cross sections and emission
spectra are given for neutrons, protons, deuterons, tritons,
alpha particles, gamma rays, and all residual nuclides produced
(A>5) in the reaction chains. To summarize, the ENDF sections
with non-zero data above En = 20 MeV are:

MF=3 MT= 1 Total Cross Section
MT= 2 Elastic Scattering Cross Section
MT= 3 Nonelastic Cross Section
MT= 5 Sum of Binary (n,n’) ,and (n,x) Reactions

MF=4 MT= 2 Elastic Angular Distributions

MF=6 MT= 5 Production Cross Sections and Energy-Angle
Distributions for Emission Neutrons, Protons,
Deuterons, and Alphas; and Angle-Integrated
Spectra for Gamma Rays and Residual Nuclei That
Are Stable Against Particle Emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
W, n + Ta, p + Ta, and p + W reactions (Ch96a) . We use the GNASH
code system (Y092) , which utilizes Hauser-Feshbach statistical,
preequilibrium and direct-reaction theories. Coupled-channels
and spherical optical model calculations are used to obtain
particle transmission coefficients for the Hauser-Feshbach
calculations, as well as for the elastic neutron angular
distribwticns .

Cross sections and spectra for producing individual residual
nuclei are included for reactions that exceed a cross section of
approximately 1 nb at any energy. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
Because of the almost total absence of W data, the neutron

total cross section above 20 MeV is based on the measurements of



Finlay et al. (Fi93) of the n +-Ta total cross section. A
coupled-channels neutron.optical model potential based on
earlier work to 100 MeV (Y090) is utilized to 80 MeV, and the
global spherical optical model potential of Madland (Ma88) is
used at higher energies. For protons, the Beccetti-Greenlees
potential (Be69) is utilized below 50 MeV, and the Madland
Semmering potential (Ma88) at higher energies. The Perey
potential (Pe63) is used for deuterons, and the Beccetti-
Greenlees potential (Be71) for tritons. The ECIS79 code (Ra72)
was used for the coupled–channels optical model calculations,
and the SCAT2 code (Be92) was utilized for the spherical optical
model calculations. Minor normalizations were made to the
reaction cross sections and transmission coefficients to produce
agreement with the (sparse) measurements for W and values
inferred from systematic of proton and neutron reaction cross
sections from measurements on other targets.

A model was developed to calculate the energy distributions of
all recoil nuclei in the GNASH calculations (Ch96b) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. Note
that all other data in MT=5,MF=6 are given in the center-of-mass
system. This method of representation requires a modification of
the original ENDF-6 format.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85), validated by comparison with calculations using Feshbach,
Ke rman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyuk (Ig75) and pairing and shell
parameters from the Cook (C067) analysis. Neutron and charged-
particle transmission coefficients were obtained from the
optical potentials, as discussed above. Gamma-ray transmission
coefficients were calculated using the Kopecky-Uhl model (K090) .

**************** **************** **************** ****************
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74184 = TARGET 1000Z+A (if A=O them elemental)
1 = PROJECTILE 1000z+A

Nonelastic, elastic, and Production cross sections for A<5 ejectiles in barns:
Energy nonelas elastic neutron proton deuteron triton helium3 alpha g—

2.000E+O1 2.446E+O0 2.938E+O0 5.664E+O0 2.629E-02 4.783E-03 4.824E-04 0.000E+OO 1.729E-03 9.090E+O0
2.200E+01 2.439E+O0 2.791E+O0 5.843E+O0 3.945E-02 7.116E-03 8.257E-04 0.000E+OO 2.211E-03 1.006E+01
2.400E+01 2.435E+O0 2.631E+O0 6.003E+O0 5.548E-02 9.462E-03 1.188E-03 0.000E+OO 2.654E-03 1.095E+01
2.600E+01 2.424E+O0 2.459E+O0 6.300E+O0 7.452E-02 1.181E-02 1.546E-03 0.000E+OO 3.057E-03 1.095E+01
2.800E+01 2.411E+O0 2.274E+O0 6.652E+O0 9.675E-02 1.412E-02 1.865E-03 0.000E+OO 3.402E-03 1.064E+01
3.000E+O1 2.394E+O0 2.116E+O0 6.877E+O0 1.213E-01 1.642E-02 2.163E-03 0.000E+OO 3.724E-03 1.067E+01
3.500E+01 2.344E+O0 1.866E+O0 7.152E+O0 1.876E-01 2.113E-02 2.705E-03 0.000E+OO 4.406E-03 1.128E+01
4.000E+O1 2.292E+O0 1.764E+O0 7.496E+O0 2.520E-01 2.439E-02 3.037E-03 0.000E+OO 5.015E-03 1..147E+O1
4.500E+01 2.238E+O0 1.808E+O0 7.648E+O0 3.134E-01 2.728E-02 3.260E-03 0.000E+OO 5.619E-03 1.166E+01
5.000E+O1 2.183E+O0 1.917E+O0 7.834E+O0 3.689E-01 2.932E-02 3.390E-03 0.000E+OO 6.252E-03 1.135E+01
5.500E+01 2.129E+O0 2.091E+O0 7.972E+O0 4.189E-01 3.094E-02 3.494E-03 0.000E+OO 6.980E-03 1.107E+O1
6.000E+O1 2.081E+O0 2.256E+O0 8.129E+O0 4.656E-01 3.215E-02 3.567E-03 0.000E+OO 7.827E-03 1.082E+01
6.500E+01 2.048E+O0 2.382E+O0 8.314E+O0 5.115E-01 3.334E-02 3.664E-03 0.000E+OO 8.861E-03 1.069E+01
7.000E+O1 2.021E+O0 2.479E+O0 8.379E+O0 5.548E-01 3.505E-02 3.758E-03 0.000E+OO 1.017E-02 9.123E+O0
7.500E+01 1.997E+O0 2.530E+O0 8.636E+O0 5.905E-01 3.553E-02 3.876E-03 0.000E+OO 1.185E-02 8.911E+O0
8.000E+O1 1.971E+O0 2.554E+O0 8.879E+O0 6.200E-01 3.538E-02 4.048E-03 0.000E+OO 1.388E-02 8.678E+O0
8.500E+01 1.941E+O0 2.577E+O0 9.052E+O0 6.456E-01 3.538E-02 4.316E-03 0.000E+OO 1.608E-02 8.472E+O0
9.000E+O1 1.91OE+OO 2.558E+O0 9.207E+O0 6.657E-01 3.585E-02 4.669E-03 0.000E+OO 1.861E-02 8.708E+O0
9.500E+01 1.874E+O0 2.498E+O0 9.331E+O0 “6.838E-01 3.594E-02 5.030E-03 0.000E+OO 2.126E-02 8.609E+O0
1.000E+02 1.837E+O0 2.435E+O0 9.397E+O0 6.998E-01 3.579E-02 5.431E-03 0.000E+OO 2.393E-02 8.387E+O0
1.1OOE+O2 1.774E+O0 2.31OE+OO 9.543E+O0 7.290E-01 3.576E-02 6.429E-03 0.000E+OO 3.012E-02 8.044E+O0

v 1.200E+02 1.721E+O0 2.119E+O0 9.681E+O0 7.567E-01 3.563E-02 7.679E-03 0.000E+OO 3.720E-02 7.699E+O0
1.300E+02 1..678E+OO 1.962E+O0 9.825E+O0 7.847E-01 3.528E-02 9.179E-03 0.000E+OO 4.519E-02 7.446E+O0
1.400E+02 1.645E+O0 1.788E+O0 9.998E+O0 8.149E-01 3.521E-02 1.090E-02 0.000E+OO 5.383E-02 7.273E+O0
1.500E+02 1.624E+O0 1.646E+O0 1.016E+01 8.501E-01 3.524E-02 1.272E-02 0.000E+OO 6.254E-02 6.943E+O0

74184 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

Kerme coefficients in units of f.Gy.mA2:
Energy proton deuteron triton helium3 alpha non-ret elas-rec

2.000E+O1 1.734E-02 3.067E-03 2.720E-04 0.000E+OO 1.918E-03 1.665E-02 2.332E-03
2.200E+01 2.776E-02 5.056E-03 5.113E-04 0.000E+OO 2.558E-03 1.803E-02 2.249E-03
2.400E+01 4.117E-02 7.354E-03 7.989E-04 0.000E+OO 3.192E-03 1.937E-02 2.328E-03
2.600E+01 5.802E-02 9.935E-03 1.121E-03 0.000E+OO 3.811E-03 2.068E-02 2.448E-03
2.800E+01 7.890E-02 1.278E-02 1.447E-03 0.000E+OO 4.387E-03 2.187E-02 2.587E-03
3.000E+O1 1.036E-01 1.590E-02 1.786E-03 0.000E+OO 4.953E-03 2.298E-02 2.751E-03
3.500E+01 1.795E-01 2.373E-02 2.544E-03 0.000E+OO 6.259E-03 2.514E-02 3.145E-03
4.000E+O1 2.679E-01 3.107E-O2 3.180E-03 0.000E+OO 7.487E-03 2.728E-02 3.429E-03
4.500E+01 3.659E-01 3.917E-02 3.750E-03 0.000E+OO 8.690E-03 2.897E-02 3.591E-03

~5.000E+O1 4.669E-01 4.656E-02 4.231E-03 0.000E+OO 9.891E-03 3.039E-02 3.619E-03
5.500E+01 5.694E-01 5.368E-02 4.677E-03 0.000E+OO 1.116E-02 3.145E-02 3.632E-03
6.000E+O1 6.750E-01 6.023E-02 5.064E-03 0.000E+OO 1.253E-02 3.248E-02 3.586E-03
6.500E+01 7.866E-01 6.694E-02 5.458E-03 0.000E+OO 1.409E-02 3.347E-02 3.468E-03
7.000E+O1 9.020E-01 7.587E-02 5.799E-03 0.000E+OO 1.588E-02 3.473E-02 3.349E-03
7.500E+01 1.012E+O0 8.143E-02 6.086E-03 0.000E+OO 1.797E-02 3.564E-02 3.157E-03
8.000E+O1 1.118E+O0 8.490E-02 6.365E-03 0.000E+OO 2.034E-02 3.647E-02 2.933E-03
8.500E+01 1.221E+O0 8.859E-02 6.767E-03 0.000E+OO 2.285E-02 3.701E-02 1.522E-03
9.000E+O1 1.318E+O0 9.419E-02 7.227E-03 0.000E+OO 2.565E-02 3.746E-02 1.487E-03
9.500E+01 1.414E+O0 9.860E-02 7.586E-03 0.000E+OO 2.854E-02 3.766E-02 1.438E-03
1.000E+02 1.507E+O0 1.019E-01 7.956E-03 0.000E+OO 3.145E-02 3.772E-02 1.393E-03
1.1OOE+O2 1.695E+O0 1.094E-01 8.751E-03 0.000E+OO 3.806E-02 3.783E-02 1.320E-03
1.200E+02 1.887E+O0 1.156E-01 9.630E-03 0.000E+OO 4.556E-02 3.785E-02 1.221E-03
1.300E+02 2.084E+O0 1.194E-01 1.062E-02 0.000E+OO 5.399E-02 3.903E-02 1.152E-03
1.400E+02 2.292E+O0 1.236E-01 1.172E-02 0.000E+OO 6.319E-02 4.114E-02 1.084E-03
1.500E+02 2.520E+O0 1.275E-01 1.287E-02 0.000E+OO 7.260E-02 4.329E-02 1.051E-03

4.158E-02
5.617E-02
7.422E-02
9.601E-02
1.220E-01
1.520E-01
2.403E-01
3.403E-01
4.501E-01
5.616E-01
6.740E-01
7.888E-01
9.101E-O1
1.038E+O0
1.156E+O0
1.269E+O0
1.378E+O0
1.484E+O0
1.587E+O0
1.688E+O0
1.891E+O0
2.097E+O0
2.308E+O0
2.533E+O0
2.777E+O0
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EVALUATION OF n + 186W CROSS SECTIONS FOR THE ENERGY
RANGE 1.OE-11 to 150 MeV

M. B. Chadwick and P. G. Young
4 October 1996

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
neutron energy range from 1.OE-11 to 150 MeV. The discussion
here is divided int-o the region below and above 20 MeV.

INCIDENT NEUTRON ENERGIES < 20 MeV

Below 20 MeV the evaluation is based completely on the ENDF/B-
VI.O (Release O) evaluation, which was carried over from ENDF/B-
V.2 [Ar80] . The following modifications were made to the
ENDF/B-VI.O evaluation:

1. The derived MF=3 files for MT=203 and 207 were removed.

INCIDENT NEUTRON ENERGIES > 20 MeV

The evaluation above 20 MeV utilizes MF.6, MT.5 to represent
all reaction data. Production cross sections and emission
spectra are given for neutrons, protons, deuterons, tritons,
alpha particles, gamma rays, and all residual nuclides produced
(A>5) in the reaction chains. To summarize, the ENDF sections
with non-zero data above En = 20 MeV are:

MF=3 MT= 1 Total Cross Section
MT= 2 Elastic Scattering Cross Section
MT= 3 Nonelastic Cross Section
MT= 5 Sum of Binary (n,n’) and (n,x) Reactions

MF=4 MT= 2 Elastic Angular Distributions

MF=6 MT= 5 Production Cross Sections and Energy-Angle
Distributions for Emission Neutrons, Protons,
Deuterons, and Alphas; and Angle-Integrated
Spectra for Gamma Rays and Residual Nuclei, That

Are Stable Against Particle Emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
W, n + Ta, p + Ta, and p + W reactions (Ch96a) . We use the GNASH
code system (Y092) , which utilizes Hauser-Feshbach statistical,
preequilibrium and direct-reaction theories. Coupled-channels
and spherical optical model calculations are used to obtain
particle transmission coefficients for the Hauser-Feshbach
calculations, as well as for the elastic neutron angular
distributions .

Cross sections and spectra for producing individual residual
nuclei are included for reactions that exceed a cross section of
approximately 1 nb at any energy. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88),
Because of the almost total absence of”W data, the neutron

total cross section above 20 MeV is based on the measurements of



Finlay et al. (Fi9?) ..ofthe n + Ta total cross section. A
coupled-channels neutron optical model potential based on
earlier work to 100 MeV (Y090) is utilized to 80 MeV, and the
global spherical optical model potential of Madland (Ma88) is
used at higher energies. For protons! the Beccetti-Greenlees
potential (Be69) is utilized below 50 MeV, and the Madland
Semmering potential (Ma88) at higher energies. The Perey
potential (Pe63) is used for deuterons, and the Beccetti-
Greenlees potential (Be71) for tritons. The ECIS79 code (Ra72)
was used for the coupled-channels optical model calculations,
and the SCAT2 code (Be92) was utilized for the--spherical optical
model calculatiotis. Minor normalizations were made to the
reaction cross sections and transmission coefficients to produce
agreement with the (sparse) measurements for W and values
inferred from systematic of proton and neutron reaction cross
sections from measurements on other targets.

A model was developed to calculate the energy distributions of
all recoil nuclei in the GNASH calculations (Ch96b) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. Note
that all other data in MT=5,MF=6 are given in the center-of-mass
system. This method of representation requires a modification of
the original ENDF-6 format.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85) , validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyuk (Ig75) and pairing and shell
parameters from the Cook (C067) analysis. Neutron and charged-
particle transmission coefficients were obtained from the
optical potentials, as discussed above. Gamma-ray transmission
coefficients were calculated using the Kopecky-Uhl model (K090) .

**************** **************** **************** ****************
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74186 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

Nonelastic, elastic, and Production cross sections for A<5 ejectiles in barns:
Enerpy nonel as elastic neutron proton deuteron triton helium3 alpha gamma

2.000E+O1 2.446E+O0 2.938E+O0 5.851E+O0 1.826E-02 3.242E-03 3.612E-04”0.000E+O0 1.020E-03 1.080E+01
2.200E+01 2.439E+O0 2.791E+o0 6.004E+O0 2.947E-02 5.249E-03 6.553E-04 0.000E+OO 1.390E-03 1.186E+01
2.400E+01 2.435E+O0 2.631E+O0 6.273E+O0 4.372E-02 7.344E-03 9.764E-04 0.000E+OO 1.743E-03 1.220E+01
2.600E+01 2.424E+O0 2.459E+O0 6.672E+O0 6.1OOE-O2 9.479E103 1.301E-03 0.000E+OO 2.073E-03 1.159E+01
2.800E+01 2.411E+O0 2.274E+O0 6.972)3+00 8.143E-02 1.161E-02 1.596E-03 0.000E+OO 2.362E-03 1.116E+01
3.000E+O1 2.394E+O0 2.116E+O0 7.155E+O0 1.042E-01 1.376E-02 1.873E-03 0.000E+OO 2.630E-03 1.116E+01
3.500E+01 2.344E+O0 1.866E+O0 7.573E+O0 1.671E-01 1.853E-02 2.394E-03 0.000E+OO 3.183E-03 1.096E+01
4.000E+O1 2.292E+O0 1.764E+O0 7.886E+O0 2.291E-01 2.227E-02 2.718E-03 0.000E+OO 3.641E-03 1.107E+O1
4.500E+01 2.238,E+O0 1.808E+O0 8.101E+OO 2.894E-01 2.490E-02 2.939E-03 0.000E+OO 4.050E-03 1.097E+01
5.000E+O1 2.183E+O0 1.917E+O0 8.309E+O0 3.445E-01 2.689E-02 3.074E-03 0.000E+OO 4.449E-03 1.078E+01
5.500E+01 2.129E+O0 2.091E+O0 8.462E+O0 3.944E-01 2.842E-02 3.181E-03 0.000E+OO 4.869E-03 1.069E+01
6.000E+O1 2.081E+O0 2.256E+O0 8.62iE+O0 4.412E-01 2.932E-02 3.255E-03 0.000E+OO 5.349E-03 1.063E+01
6.500E+01 2.048E+O0 2.382E+O0 8.799E+O0 4.873E-01 3.050E-02 3.347E-03 0.000E+OO 5.945E-03 1.060E+01
7.000E+O1 2.021E+O0 2.479E+O0 8.882E+O0 5.31OE-O1 3.157E-02 3.432E-03 0.000E+OO 6.697E-03 9.030E+O0
7.500E+01 1.997E+O0 2.530E+O0 9.097E+O0 5.705E-01 3.225E-02 3.524E-03 0.000E+OO 7.605E-03 8.272E+O0
8.000E+O1 1.971E+O0 2.554E+O0 9.305E+O0 6.00IE-01 3.254E-02 3.659E-03 0.000E+OO 8.816E-03 8.865E+O0
8.500E+01 1.941E+O0 2.577E+O0 9.491E+O0 6.240E-01 3.295E-02 3.885E-03 0.000E+OO 1.021E-02 8.729E+O0
9.000E+O1 1.91OE+OO 2.558E+O0 9.631E+O0 6.461E-01 3.346E-02 4.171E-03 0.000E+OO 1.174E-02 8.594E+O0
9.500E+01 1.874E+O0 2.498E+O0 9.760E+O0 6.641E-01 3.354E-02 4.471E-03 0.000E+OO 1.351E-02 8.406E+O0
1.000E+02 1.837E+O0 2.435E+O0 9.831E+O0 6.799E-01 3.357E-02 4.81OE-O3 0.000E+OO 1.538E-02 8.342E+O0
1.1OOE+O2 1.774E+O0 2.31OE+OO 9.988E+O0 7.086E-01 3.351E-02 5.675E-03 0.000E+OO 1.975E-02 8.008E+O0
1.200E+02 1.721E+O0 2.119E+O0 1.013E+01 7.347E-01 3.334E-02 6.788E-03 0.000E+OO 2.482E-02 7.767E+O0
1.300E+02 1.678E+O0 1.962E+O0 1.028E+01 7.599E-01 3.315E-02 8.153E-03 0.000E+OO 3.064E-02 7.440E+O0
1.400E+02 1.645E+O0 1.788E+O0 1.046E+01 7.868E-01 3.288E-02 9.749E-03 0.000E+OO 3.723E-02 7.356E+O0
1.500E+02 1.624E+O0 1.646E+O0 1.064E+01 8.176E-01 3.28SE-02 1.150E-02 0.000E+OO 4.435E-02 7.105E+OO

74186 = TARGET 1000Z+A (if A=O then elemental)
1 = PROJECTILE 1000Z+A

Kerma coefficients in units of f.Gy.mA2:
Energy proton deuteron triton helium3 alpha non-ret elas-rec

2.000E+O1 1.147E-02 1.956E-03 1.97113-04 0.000E+OO 1.101E-O3 1.634E-02” 2.459E-03”’
2.200E+01 1.984E-02 3.529E-03 3.940E-04 0.000E+OO 1.570E-03 1.767E-02 2.201E-03
2.400E+01 3.116E-02 5.426E-03 6.392E-04 0.000E+OO 2.053E-03 1.904E-02 2.278E-03
2.600E+01 4.573E-02 7.615E-03 9.192E-04 0.000E+OO 2.537E-03 2.036E-02 2.396E-03
2.800E+01 6.405E-02 1.006E-02 1.208E-03 0.000E+OO 2.997E-03 2.158E-02 2.532E-03
3.000E+O1 8.601E-02 1.279E-02 1.512E-03 0.000E+OO 3.452E-03 2.266E-02 2.693E-03
3.500E+01 1.549E-01 2.015E-02 2.206E-03 0.000E+OO 4.503E-03 2.486E-02 3.078E-03
4.000E+O1 2.366E-01 2.784E-02 2.792E-03 0.000E+OO 5.470E-03 2.695E-02 3.356E-03
4.500E+01 3.292E-01 3.505E-02 3.320E-03 0.000E+OO 6.385E-03 2.866E-02 3.515E-03
5.000E+O1 4.257E-01 4.197E-02 3.769E-03 0.000E+OO 7.271E-03 3.006E-02 3.541E-03
5.500E+01 5.244E-01 4.851E-02 4.188E-03 0.000E+OO 8.163E-03 3.115E-02 3.554E-03
6.000E+O1 6.267E-01 5.387E-02 4.551E-03 0.000E+OO 9.095E-03 3.213E-02 3.509E-03
6.500E+01 7.352E-01 6.014E-02 4.919E-03 0.000E+OO 1.015E-02 3.311E-02 3.394E-03
7.000E+O1 8.479E-01 6.648E-02 5.237E-03 0.000E+OO 1.133E-02 3.428E-02 3.277E-03
7.500E+01 9.611E-01 7.200E-02 5.513E-03 0.000E+OO 1.262E-02 3.514E-02 3.089E-03
8.000E+O1 1.064E+O0 7.668E-02 5.’761E-O3 0.000E+OO 1.413E-02 3.590E-02 2.870E-03
8.500E+01 1.163E+O0 8.173E-02 6.112E-03 0.000E+OO 1.578E-02 3.650E-02 1.490E-03
9.000E+O1 1.262E+O0 8.714E-02 6.524E-03 0.000E+OO 1.756E-02 3.685E-02 1.456E-03
9.500E+01 1.356E+O0 9.126E-02 6.838E-03 0.000E+OO 1.952E-02 3.707E-02 1.407E-03
1.000E+02 1.449E+O0 9.516E-02 7.162E-03 0.000E+OO 2.154E-02 3.708E-02 1.364E-03
1.1OOE+O2 1.635E+O0 1.022E-01 7.864E-03 0.000E+OO 2.620E-02 3.716E-02 1.292E-03
1.200E+02 1.824E+O0 1.079E-01 8.647E-03 0.000E+OO 3.158E-02 3.708E-02 1.195E-03
1.300E+02 2.018E+O0 1.126E-01 9.542E-03 0.000E+OO 3.776E-02 3.821E-02 1.127E-03
1.400E+02 2.222E+O0 1.157E-01 1.055E-02 0.000E+OO 4.475E-02 4.019E-02 1.060E-03
1.500E+02 2.444E+O0 1.192E-01 1.164E-02 0.000E+OO 5.234E-02 4.227E-02 1.029E-03

TOTAL

3.352E-02
4.520E-02
6.060E-02
7.955E-02
1.024E-01
1.291E-01
2.097E-01
3.030E-01
4.061E-01
5.123E-01
6.200E-01
7.298E-01
8.469E-01
9.685E-01
1.089E+O0
1.200E+O0
1.304E+O0
1.411E+O0
1.512E+O0
1.611E+O0
1.81OE+OO
2.O1lE+OO
2.218E+O0
2.435E+O0
2.670E+O0
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EVALUATION OF n + 2061?b CROSS SECTIONS FOR THE ENERGY
RANGE 1.OE-11 to 150 MeV

M. B. Chadwick, P. G. Young, and A. J. Koning
9 August 1996

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
neutron energy range from 1.OE-11 to 150 MeV. The discussion
here is divided into the region below and above 20 MeV.

INCIDENT NEUTRON ENERGIES c 20 MeV

Below 20 MeV the evaluation is based completely on the ENDF/B-
VI.O (Release O) evaluation by Fu91. The following
modifications were made to the ENDF/B-VI.O evaluation:

1. The covariance files (MF=33) were removed from the file.

2. The derived MF=3 files for MT=203,205,207 were removed.

INCIDENT NEUTRON ENERGIES > 20 MeV

The evaluation above 20 MeV utilizes MF=6, MT=5 to represent
all reaction data. Production cross sections and emission
spectra are given for neutrons, protons, deuterons, tritons,
alpha particles, gamma rays, and all residual nuclides produced
(A>5) in the reaction chains. To summarize, the ENDF sections

. . .
with non-zero

MF=3 MT= 1
MT= 2
MT= 3
MT= .;

MF=4 MT= 2

MF=6 MT= 5

data above En = 20 MeV are:

Total Cross Section
Elastic Scattering Cross Section
Nonelastic Cross Section
Sum of Binary (n,n’) and (n,x) Reactions

Elastic Angular Distributions

Production Cross Sections and Enerqy-Anqle
Distributions for Emission Neutron~~ Pr~tons,
Deuterons, and Alphas; and Angle-Integrated
Spectra for Gamma Rays and Residual Nuclei That
Are Stable Against Particle Emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
Pb and p + Pb208 reactions (Ch96a) . We use the GNASH code system
(Y092), which utilizes Hauser-Feshbach statistical, preequi-
librium and direct-reaction theories. Coupled-channel and
.Spher.ical .opk.ical model ~a~cu~a~i~n~ are l~~ed.EQ. ob~a.in...particle
“transmission coefficients for the Hauser-Feshbach calculations,
as well as for the elastic neutron angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions that exceed a cross section of
approximately 1 nb at any energy. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A model was developed to calculate the energy distributions of



all recoil nuclei in the GNASH calculations (Ch96b) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. Note
that all other data in MT=5,MF=6 are given in the center-of-mass
system. This method of representation requires a modification of
the original ENDF-6 format.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85), validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyuk (Ig75) and pairing and shell
parameters from the Cook (C067) analysis. Neutron and charged-
particle transmission coefficients were obtained from the
optical potentials, as discussed below. Gamma-ray transmission
coefficients were-calculated using the Kopecky-Uhl model (K090) .

**************** **************** **************** ****************
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82206 = TARGET 1000Z+A (if A=O then elemental)
1 = PRO~CTILE 1000Z+A

Nonelastic, elastic, and production cross sections for A<5 ejectiles in barns:
Energy nonelas elastic neutron proton deuteron triton helium3

2.000E+O1 2.604E+O0 3.240E+O0 5.996E+O0 2.176E-02 2.81OE-O3 2.930E-04 0.000E+OO
2.200E+01 2.591E+O0 3.214E+O0 6.595E+O0 3.223E-02 4.480E-03 5.584E-04 0.000E+OO
2.400E+01 2.586E+O0 3.106E+OO 6.8471!+O0 4.560E-02 6.275E-03 8.643E-04 0.000E+OO
2.600E+01 2.594E+O0 2.937E+O0 6.971E+O0 6.292E-02 8.185E-03 1.178E-03 0.000E+OO
2.800E+01 2.577E+O0 2.760E+O0 7.142E+O0 8,395E-02 1.015E-02 1.474E-03 0.000E+OO
3.000E+O1 2.558E+O0 2.569E+O0 7.483E+O0 1.088E-01 1.221E-02 1.758E-03 0.000E+OO
3.500E+01 2.541E+O0 2.109E+OO 8.062E+O0 1.867E-01 1.732s3-02 2.301E-03 0.000E+OO
4.000E+O1 2.502E+O0 1.858E+O0 8.274E+O0 2.775E-01 2.203E-02 2.654E-03 0.000E+OO
4.500E+01 2.433E+O0 1.821E+O0 8.597E+O0 3.423E-01 2.475E-02 2.903E-03 0.000E+OO
5.000E+O1 2.383E+O0 1.907E+O0 8.836E+O0 4.027E-01 2.692E-02 3.087E-03 0.000E+OO
5.500E+01 2.323E+O0 2.074E+O0 9.079E+O0 4.553E-01 2.852E-02 3.233E-03 0.000E+OO
6.000E+O1 2.274E+O0 2.208E+O0 9.262E+O0 5.050E-01 2.990E-02 3.366E-03 0.000E+OO
6.500E+01 2.200E+O0 2.402E+O0 9.342E+O0 5.440E-01 3.080E-02 3.478E-03 0.000E+OO
7.000E+O1 2.125E+O0 2.573E+O0 9.254E+O0 5.768E-01 3.171E-02 3.609E-03 0.000E+OO
7..5OOE+O1 2.050E+O0 2.700E+O0 9.224E+O0 6.056E-01 3.23313-02 3.745E-03 0.000E+OO
8.000E+O1 1.976E+O0 2.830E+O0 9.174E+O0 6.293E-01 3.266E-02 3.876E-03 0.000E+OO
8.500E+01 1.923E+O0 2.883E+O0 9.198E+O0 6.549E-01 3.299E-02 4.036E-03 0.000E+OO
9.000E+O1 1.893E+O0 2.853E+O0 9.319E+O0 6.848E-01 3.356E-02 4.269E-03 0.000E+OO
9.500E+01 1.855E+O0 2.808E+O0 9.378E+O0 7.083E-01 3.385E-02 4.508E-03 0.000E+OO
1.000E+02 1.822E+O0 2.768E+O0 9.449E+O0 7.304E-01 3.419E-02 4.792E-03 0.000E+OO
1.1OOE+O2 1.780E+O0 2.594E+O0 9.663E+O0 7.772E-01 3.459E-02 5.489E-03 0.000E+OO
1.200E+02 1.742E+O0 2.416E+O0 9.861E+O0 8.167X-01 3.441E-02 6.337E-03 0.000E+OO
1.300E+02 1.704E+O0 2.249E+O0 1.00IE+O1 8.484E-01 3.423E-02 7.334E-03 0.000E+OO
1.400E+02 1.666E+O0 2.072E+O0 1.012E+01 8.744E-01 3.386E-02 8.438E-03 0.000E+OO
1.500E+02 1.630E+O0 1.928E+O0 1.028E+01 8.918E-01 3.339E-02 9.921E-03 0.000E+OO

82206 = TARGET 1000Z+A (if A.O then elemental)

1 = PROJECTILE 1000Z+A
Kerma coefficients in units of f.Gy.m~2:
Energy proton deuteron triton helium3 alpha non-ret

2.000E+O1 1.389E-02 1.664E-03 1.511E-04” 0.000E+OO”-1.014E-03 1.423E-02
2.200E+01 2.191E-02 2.930E-03 3.167E-04 0.000E+OO
2.400E+01 3.273E-02 4.488E-03 5.324E-04 0.000E+OO
2.600E+01 4.740E-02 6.341E-03 7.814E-04 0.000E+OO
2.800E+01 6.623E-02 8.450E-03 1.046E-03 0.000E+OO
3.,000E+O1 8.977E-02 1.087E-02 1.326E-03 0.000E+OO
3.500E+01 1.717E-01 1.790E-02 1.976E-03 0.000E+OO
4.000E+O1 2.826E-01 2.602E-02 2.537E-03 0.000E+OO
4.500E+01 3.807E-01 3.284E-02 3.050E-03 0.000E+OO
5.000E+O1 4.832E-01 3.946E-02 3.514E-03 0.000E+OO
5.500E+01 5.840E-01 4.555E-02 3.937E-03 0.000E+OO
6.000E+O1 6.873E-01 5.152E-02 4.330E-03 0.000E+OO
6.500E+01 7.814E-01 5.681E-02 4.676E-03 0.000E+OO
7.000E+O1 8.715E-01 6.243E-02 5.025E-03 0.000E+OO
7.500E+01 9.599E-01 6.750E-02 5.361E-03 0.000E+OO
8.000E+O1 1.044E+O0 7.197E-02 5.644E-03 0.000E+OO
8.500E+01 1.136E+O0 7.645E-02 5.916E-03 0.000E+OO
9.000E+O1 1.239E+O0 8.143E-02 6.239E-03 0.000E+OO
9.500E+01 1.335E+O0 8.577E-02 6.526E-03 0.000E+OO
1.000E+02 1.432E+O0 9.031E-02 6.822E-03 0.000E+OO
1.1OOE+O2 1.642E+O0 9.798E-02 7.433E-03 0.000E+OO
1.200E+02 1.849E+O0 1.029E-01 8.025E-03 0.000E+OO
1.300E+02 2.047E+O0 1.074E-01 8.663E-03 0.000E+OO
1.400E+02,2.239E+00 1.107E-ol 9.313E-03 0.000E+OO
1.500E+02 2.409E+O0 1.126E-01 1.014E-02 0.000E+OO

1.51OE-O3
2.053E-03
2.625E-03
3.193E-03
3.771E-03
5.212E-03
6.534E-03
7.907E-03
9.382E-03
1.087E-02
1.245E-02
1.395E-02
1.546E-02
1.687E-02
1.827E-02
1.986E-02
2.178E-02
2.389E-02
2.723E-02
3.855E-02
4.112E-02
4.865E-02
5.825E-02
6.584E-02

1.559E-02
1.693E-02
1.822E-02
1.931E-02
2.035E-02
2.287E-02
2.495E-02
2.655E-02
2.809E-02
2.926E-02
3.029E-02
3.077E-02
3.119E-02
3.121E-02
3.105E-O2
3.114E-02
3.144E-02
3.156E-02
3.163E-02
3.205E-02
3.215E-02
3.305E-02
3.457E-02
3.619E-02

elas-rec

alpha

1.038E-03
1.482E-03
1.943E-03
2.408E-03
2.849E-03
3.281E-03
4.297E-03
5.151E-03
6.069E-03
7.086E-03
8.134E-03
9.284E-03
1.040E-02
1.159E-02
1.271E-02
1.391E-02
1.530E-02
1.704E-02
1.965E-02
2.631E-02
5.493E-02
5.002E-02
5.944E-02
7.177E-02
8.013E-02

TOTAL

9.070E+O0
9.734E+O0
1.108E+O1
1.239E+01
1.248E+01
1.137E+01
1.039E+01
1.099E+01
1.155E+01
1.169E+01
1.114E+01
1.109E+O1
1.113E+01
9.793E+O0
9.459E+O0
8.866E+O0
8.501E+O0
8.429E+O0
8.487E+O0
8.240E+O0
8.162E+O0
7.793E+O0
7.638E+O0
7.529E+O0
7.556E+O0

2.732E-03
2.295E-03
2.305E-03
2.331E-03
2.368E-03
2.393E-03
2.361E-03
2.301E-03
2.538E-03
2.723E-03
2.850E-03
2.828E-03
2.818E-03
2.617E-03
2.406E-03
2,.257E-03
2.096E-03
1.922E-03
1.776E-03
1.662E-03
1.476E-03
1.332E-03
1.222E-03
1.125E-03
1.055E-03

3.368E-02
4.455E-02
5.903E-02
7.770E-02
1.006E-01
1.285E-01
2.220E-01
3.449E-01
4.535E-01
5.664E-01
6.765E-01
7.887E-01
8.904E-01
9.882E-01
1.083E+O0
1.174E+O0
1.271E+O0
1.382E+O0
1.485E+O0
1.590E+O0
1.819E+O0
2.034E+O0
2.246E+O0
2.453E+O0
2.635E+O0



105

104

103

102

101

103

102

n + 206Pbnonelastic and production cross sections

.*. . . . . . ...** ● ☛☛✎✎✎✎✎✎✎ ✎..” n
● ................................. v

-----
/-

0

/

/

/

.—

i

———- P

-----
0“

I -e --- ----- y.. - ----- --
~de

./

0- .
0 ..0.

.4*” H
/ ●.H

..0 t

..e
.-----

@
●a.-

/’ ..&””
----

,- .-*- .0. -

/
.0 --------●@. O.-

/“ .d.-. .0”
1 v 1 I I I I I 1 I I I I 1 I I

I I I 1 I I I I I I I I I I I

0 50 100 150
Incident Energy (MeV)



n +206Pb angle-integrated emission spectra



scattering and reaction cross section data for Ni-58, we have
employed the following combination of proton potentials:

o to 5 MeV : Harper potential (Ha82b)
6 to 47 MeV : Koning and Delaroche (K097)

48 to 260 MeV : Present OMP

For deuterons, the Lohr-Haeberli (L074) global potential was used;
for alpha particles the McFadden-Satchler (Mc66) potential was
used; and for tritons the Becchetti-Greenlees (Be71) potential was
used. The He-3 channel was ignored.

The direct collective inelastic scattering to the following level
in Ni-60 was considered by the DWBA-mode calculation of ECIS95
(Ra96) :

Jpi Ex(MeV) Deformation length
2+ 1.331 0.8535

The deformation length was determined to much the ENDF/B-VI value
at 20 MeV.

Certain nuclear level densities were modified from the default
values in accordance with experimental level-density information
as follows. The level density of 57Fe was matched to the observed
D-O value by modifying the pairing energy to 0.15 MeV; the level
density of the main competition channel, neutron emission to 60Ni,
was adjusted to match Fischer et al. ‘s (Fi86) value of 3.85e3+-25%
at 11 MeV excitation energy, but then increased slightly (a total
density increase of 11%) by using a pairing energy of 1.1 MeV,
since Haight’s alpha production at 14 MeV is approx. 11% smaller
than Fischer et al. ‘s measurements. Production of residual nuclei
59Ni and 56Fe, through (n,2n) and (n,na) reactions, become
particularly important above 14 MeV. Pairing energies were
adjusted to match the level density for 59Ni at the neutron
binding energy (DO.12.9 keV), and Fischer et al. ‘s result for

, 56Fe level density at,ll MeV.

The new Haight et al. (Ha97) LANL/WNR 60Ni(n,x alpha) data up
50 MeV was used to benchmark our model calculations (Ch97) -
agreement with experiment was _good.

the

to
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n +206Pb Kalbach preequilibrium ratios
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all recoil nuclei in the GNASH calculations (Ch96b) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. Note
that all other data in MT=5,MF=6 are given in the center-of-mass
system. This method of representation requires a modification of
the original ENDF-6 format.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85) , validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyuk (Ig75) and pairing and shell
parameters from the Cook (C067) analysis. Neutron and charged-
particle transmission coefficients were obtained from the
optical potentials, as discussed below. Gamma-ray transmission
coefficients were calculated using the Kopecky-Uhl model (K090) .
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82207 = TARGET 1000Z+A (if A.O then elemental)
1 = PROJECTILE 1000Z+A

Nonelastic, elastic, and Production cross sections for A<5 ejectiles in barns:
Energy nonelas elastic neutron proton deuteron triton heliuxd alpha g—

2.000E+O1 “2.604E+O0 3.240E+00 6“.”203E+O0 1.925E-02 3.060E-03” 4.317E-04 0.000E+OO 1.164E-03 8.590E+O0
2.200E+01 2.591E+O0 3.214E+O0 6.639E+O0 2.860E-02 4.715E-03 7.470E-04 0.000E+OO 1.570E-03 8.219E+O0
2.400E+01 2.586E+O0 3.106E+OO 6.816E+O0 4.072E-02 6.482E-03 1.085E-03 0.000E+OO 1.960E-03 9.005E+O0
2.600E+01 2.594E+O0 2.937E+O0 6.994E+O0 5.669E-02 8.356E-03 1.414E-03 0.000E+OO 2.330E-03 9.949E+O0
2.800E+01 2.577E+O0 2.760E+O0 7.289E+O0 7.641E-02 1.028E-02 1.712E-03 0.000E+OO 2.663E-03 1.031E+01
3.000E+O1 2.558E+O0 2.569E+O0 7.679E+O0 9.991E-02 1.231E-02 1.989E-03 0.000E+OO 2.983E-03 1.047E+01
3.500E+01 2.541E+O0 2.109E+OO 8.122E+O0 1.742E-01 1.730E-02 2.488E-03 0.000E+OO 3.726E-03 1.194E+01
4.000E+O1 2.502E+O0 1.858E+O0 8.385E+O0 2.627E-01 2.117E-02 2.804E-03 0.000E+OO 4.369E-03 1.121E+01
4.500E+01 2.433E+O0 1.821E+O0 8.641E+O0 3.265E-01 2.380E-02 3.005E-03 0.000E+OO 5.040E-03 1.060E+01
5.000E+O1 2.383E+O0 1.907E+O0 8.936E+O0 3.860E-01 2.557E-02 3.143E-03 0.000E+OO 5.808E-03 1.073E+01
5.500E+01 2.323E+O0 2.074E+O0 9.155E+O0 4.381E-01 2.718E-02 3.246E-03 0.000E+OO 6.633E-03 1.067E+01
6.000E+o1 2.274E+O0 2.208E+O0 9.320E+O0 4.874E-01 2.858E-02 3.339E-03 0.000E+OO 7.563E-03 1.072E+01
6.500E+01 2.200E+O0 2.402E+O0 9.371E+O0 5.263E-01 2.950E-02 3.413E-03 0.000E+OO 8.489E-03 1.029E+01
7.000E+O1 2.125E+O0 2.573E+O0 9.259E+O0 5.593E-01 3.035E-02 3.506E-03 0.000E+OO 9.505E-03 8.893E+O0
7.500E+01 2.050E+O0 2.700E+O0 9.193E+O0 5.881E-01 3.098E-02 3.612E-03 0.000E+OO 1.048E-02 8.602E+O0
8.000E+O1 1.976E+O0 2.830E+O0 9.132E+O0 6.118E-01 3.131E-02 3.714E-03 0.000E+OO 1.154E-02 8.518E+O0
8.500E+01 1.923E+O0 2.883E+O0 9.155E+O0 6.372E-01 3.165E-02 3.850E-03 0.000E+OO 1.279E-02 8.303E+O0
9.000E+O1 1.893E+O0 2.853E+O0 9.270E+O0 6.666E-01 3.220E-02 4.056E-03 0.000E+OO 1.430E-02 8.098E+O0
9.500E+01 1.855E+O0 2.808E+O0 9.321E+O0 6.898E-01 3.250E-02 4.276E-03 0.000E+OO 1.584E-02 7.846E+O0
1.000E+02 1.822E+O0 2.768E+O0 9.383E+O0 7.117E-01 3.273E-02 4.540E-03 0.000E+OO 1.754E-02 7.676E+O0
1.1OOE+O2 1.780E+O0 2.594E+O0 9.592E+O0 7.573E-01 3.315E-02 5.211E-03 0.000E+OO 2.448E-02 7.594E+O0
1.200E+02 1.742E+O0 2.416E+O0 9.794E+O0 7.938E-01 3.308E-02 6.080E-03 0.000E+OO 4.083E-02 7.370E+O0
1.300E+02 1.704E+O0 2.249E+O0 1.003E+01 8.150E-01 3.266E-02 7.334E-03 0.000E+OO 5.366E-02 7.267E+O0
1.400E+02 1.666E+O0 2.072E+O0 1.022E+01 8.324E-01 3.215E-02 8.812E-03 0.000E+OO 6.670E-02 7.277E+O0
1.500E+02 1.630E+O0 1.928E+O0 1.038E+01 8.479E-01 3.167E-02 1.050E-02 0.000E+OO 8.775E-02 7.123E+O0

82207 = TARGET 1000Z+A (if A.O then elemental)
1 = PRoJECTILE 1000Z+A

Kenua coefficients in units of f.Gy.mA2:
Energy proton deuteron triton haliuno alpha non- rec elas-rec

2.000E+O1 1.207E-02”1.834E-03 2.296E-04 0.000E+OO 1.193E-03 1.427E-02 2.705E-03
2.200E+01 1.919E-02 3.122E-03 4.352E-04 0.000E+OO 1.679E-03 1.560E-02 2.273E-03
2.400E+01 2.893E-02 4.684E-03 6.848E-04 0.000E+oO 2.178E-03 1.689E-02 2.283E-03
2.600E+01 4.234E-02 6.528E-03 9.595E-04 0.000E+OO 2.680E-03 1.815E-02 2.308E-03
2.800E+01 5.979E-02 8.6223!-03 1.241E-03 0.000E+OO 3.160E-03 1.920E-02 2.345E-03
3.000E+O1 8.179E-02 1.102E-O2 1.533E-03 0.000E+OO 3.641E-03 2.023E-02 2.369E-03
3.500E+01 1.590E-01 1.795E-02 2.178E-03 0.000E+OO 4.831E-03 2.268E-02 2.338E-03
4.000E+O1 2.658E-01 2.477E-02 2.736E-03 0.0005+00 5.941E-03 2.470E-02 2.279E-03
4.500E+01 3.611E-01 3.128E-02 3.225E-03 0.000E+OO 7.055E-03 2.622E-02 2.513E-03

t 5.000E+O1 4.609E-01 3.689E-02 3.6~2E-03 0.000E+OO 8.260E-03 2.775E-02 2.697E-03
5.500E+01 5.594E-01 4.275E-02 4.054E-03 0.000E+OO 9.498E-03 2.885E-02 2.823E-03
6.000E+O1 6.607E-01 4.850E-02 4.417E-03 0.000E+OO 1.083E-02 2.984E-02 2.801E-03
6.500E+01 7.533E-01 5.362E-02 4.732E-03 0.000E+OO 1.209E-02 3.0243+02 2.790E-03
7.000E+O1 8.424E-01 5.887E-02 5.043E-03 0.000E+OO 1.340E-02 3.061E-02 2.591E-03
7.500E+01 9.298E-01 6.370E-02 5.353E-03 0.000E+OO 1.461E-02 3.052E-02 2.383E-03
8.000E+O1 1.013E+O0 6.798E-02 5.608E-03 0.000E+OO 1.584E-02 3.036E-02 2.235E-03
8.500E+01 1.104E+OO 7.226E-02 5.854E-03 0.000E+OO 1.725E-02 3.038E-02 2.076E-03
9.000E+O1 1.205E+O0 7.702E-02 6.151E-03 0.000E+OO 1.893E-02 3.063E-02 1.903E-03
9.500E+01 1.300E+O0 8.118E-02 6.416E-03 0.000E+OO 2.059E-02 3.068E-02 1.758E-03
1.000E+02 1.396E+O0 8.515E-02 6.687E-03 0.000E+OO 2.239E-02 3.073E-02 1.646E-03
1.1OOE+O2 1.603E+O0 9.262E-02 7.256E-03 0.000E+OO 2.733E-02 3.096E-02 1.462E-03
1.200E+02 1.803E+O0 9.807E-02 7.825E-03 0.000E+OO 3.536E-02 3.113E-02 1.319E-03
1.300E+02 1.976E+O0 1.016E-01 8.543E-03 0.000E+OO 4.348E-02 3.227E-02 1.211E-03
1.400E+02 2.143E+O0 1.041E-01 9.354E-03 0.000E+OO 5.251E-02 3.397E-02 1.114E-03
1.500E+02 2.306E+O0 1.060E-01 1.028E-02 0.000E+OO 6.460E-02 3.563E-02 1.045E-03

TOTAL

3.230E-02
4.230E-02
5.565E-02
7.297E-02
9.436E-02
1.206E-01
2.090E-01
3.262E-01
4.314E-01
5.402E-01
6.474E-01
7.571E-01
8.567E-01
9.529E-01
1.046E+O0
1.135E+O0
1.232E+O0
1.340E+O0
1.441E+O0
1.543E+O0
1.763E+O0
1.977E+O0
2.164E+O0
2.344E+O0
2.524E+O0
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EVALUATION OF n + 208Pb CROSS SECTIONS FOR THE ENERGY
RANGE 1.OE-11 ‘co 150 MeV

M. B. Chadwick, P. G. Young, arid A. J. Koning
23 August 1996

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
neutron energy range from 1.OE-11 to 150 MeV. The discussion
here is divided into the region below and above 30 MeV.

INCIDENT NEUTRON ENERGIES < 30 MeV

Below 30’MeV the evaluation is based completely on a new
evaluation by Young and Chadwick that will be submitted to
ENDF/B for a future release of ENDF/B-VI. The only change
made to the Young-Chadwick evaluation was to remove the
covariance data file (MF=3) , which had been carried over
from an earlier ENDF/B-VI evaluation.

INCIDENT NEUTRON ENERGIES > 30 MeV

The evaluation above 20 MeV utilizes MF=6, MT=5 to represent
all reaction data. Production cross sections and emission
spectra are given for neutrons, protons, deuterons, tritons,
alpha particles, gamma rays, and all residual nuclides produced
(A>5) in the reaction chains. To summarize, the ENDF sections
with non-zero

MF=3 MT= 1
MT= 2
MT= 3
MT= 5

1
MF=4 MT= 2

MF=6 MT= 5

data above En = 20 MeV are:

Total Cross Section
Elastic Scattering Cross Section
Nonelastic Cross Section
Sum of Binary (n,n’) and (n,x) Reactions

Elasti& Angular Distributions

Production Cross Sections and Energy-Angle
Distributions for Emission Neutrons: Pr~tons,
Deuterons, and Alphas; and Angle-Integrated
Spectra for Gamma Rays and Residual Nuclei That
Are Stable Against Particle Emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
Pb and p + Pb208 reactions (Ch96a) . We use the GNASH code system
(Y092), which u,tilizes Hauser-Feshbach statistical, preequi-
librium and direct-reaction theories. Coupled-channel and
spherical optical model calculations are used to obtain particle
transmission coefficients for ,the Hauser-Feshbach calculations,
as Well as for t-he eiaStilC neutron angui-ar ‘d~Strl~Ut”lOIIS.

Cross sections and spectra for producing individual residual
nuclei are included for reactions that exceed a cross section of
approximately 1 nb at any energy. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A model was developed to calculate the energy distributions of

all recoil nuclei in the GNASH calculations (Ch96b) . The recoil



energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. Note
that all other data in MT=5,MF=6 are given in the center-of-mass
system. This method of representation requires a modification of
the original ENDF-6 format.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85) , validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyuk (Ig75) and pairing and shell
parameters from the Cook (C067) analysis. Neutron and charged-
particle transmission coefficients were obtained from the
optical potentials, as discussed below. Gamma-ray transmission
coefficients were calculated using the Kopecky-Uhl model (K090) .

**************** **************** **************** ****************
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82208 = TARGET 1000Z+A (if A.O then elemental)
1 = PROJECTILE 1000z+A

Nonelastic, elastic, and Production cross sections for A<5 ejectiles in barns:
Energy nonelas elastic neutron proton deuteron triton helium3 alpha

3.000E+O1 2.558E+O0 2.569E+O0 7.414E+O0 6.930E-02 1.261E-02 1.661E-03 0.000E+OO 1.906E-03
3.500E+01 2.541E+O0 2.109E+OO 7.920E+O0 1.340E-01 1.797E-02 2.191E-03 O.OOOE+OO 2.485E-03
4.000E+O1 2.502E+O0 1.858E+O0 8.272E+O0 2.133E-01 2.283E-02 2.541E-03 0.000E+OO 2.935E-03
4.500E+01 2.433E+O0 1.821E+O0 8.582E+O0 2.760E-01 2.528E-02 2.768E-03 0.000E+OO 3.361E-03
5.000E+O1 2.383E+O0 1.907E+O0 8.873E+O0 3.368E-01 2.748E-02 2.921E-03 0.000E+OO 3.813E-03
5.500Z+01 2.323E+O0 2.074E+O0 9.080E+O0 3.911E-01 2.909E-02 3.023E-03 0.000E+OO 4.290E-03
6.000E+O1 2.274E+O0 2.208E+O0 9.275E+O0 4.423E-01 2.984E-02 3.1OIE-O3 0.000E+OO 4.842E-03
6.500E+01 2.200E+O0 2.402E+O0 9.314E+O0 4.835E-01 3.072E-02 3.142E-03 0.000E+OO 5.377E-03
7.000E+O1 2.125E+o0 2.573E+O0 9.201E+O0 5.171s-01 3.133E-02 3.183E-03 0.000E+OO 5.979E-03
7.500E+01 2.050E+O0 2.700E+O0 9.140E+O0 5.464E-01 3.185E-02 3.230E-03 0.000E+OO 6.626E-03
8.000E+O1 1.976E+O0 2.830E+O0 9.173E+O0 5.647E-01 3.184E-02 3.266E-03 0.000E+OO 7.526E-03
8.500E+01 1.923E+O0 2.883E+O0 9.246E+O0 5.870E-01 3.196E-02 3.336E-03 0.000E+OO 8.589E-03
9.000E+O1 1.893E+O0 2.853E+O0 9.425E+O0 6.lllE-01 3.224E-02 3.476E-03 0.000E+OO 9.955E-03
9.500E+01 1.855E+O0 2.808E+O0 9.537E+O0 6.299E-01 3.229E-02 3.646E-03 0.000E+OO 1.144E-02
1.000~+02 1.822E+00 2.768E+O0 9.636E+O0 6.492E-01 3.237E-02 3.867E-03 0.000E+OO 1.307E-02
1.1OOE+O2 1.780E+O0 2.594E+O0 9.927E+O0 6.887E-01 3.248E-02 4.498E-03 0.000E+OO 1.701E-02
1.200E+02 1.742E+O0 2.416E+O0 1.018E+01 7.227E-01 3.223E-02 5.365E-03 0.000E+OO 2.172E-02
1.300E+02 1.704E+O0 2.249E+O0 1.039E+01 7.497E-01 3.183E-02 6.492E-03 0.000E+OO 2.711E-02
1.400E+02 1.666E+O0 2.072E+O0 1.051E+01 7.747E-01 3.135E,-02 7.767E-03 0.000E+OO 3.328E-02
1.500E+02 1.630E+O0 1.928E+O0 1.063)3+01 7.954E-01 3.085E-02 9.253E-03 0.000E+OO 4.504E-02

1.089E+01
1.089E+01
1.121E+01
1.155E+01
1.144E+01
1.068E+01
1.032E+01
1.008E+01
8.440E+O0
8.256E+O0
8.00IE+OO
7.935E+O0
8.016E+O0
8.048E+O0
7.984E+O0
7.823E+O0
7.61OE+OO
7.226E+O0
7.048E+O0
7.O1OE+OO

82208 = TARGEIX 1000z+A (if.A.O then elemental)

1 = PROJECTILE 1000z+A
Kerraa coefficients in units of f.Gy.mA2:
Energy proton deuteron triton heliud alpha non-ret elas-rec

3.000E+O1 5.173E-02 1.088E-02 1.235E-03 0.000E+OO 2.286E-03 1.983E-02 2.345E-03
3.500E+01 1.128E-01 1.800E-02 1.857E-03 0.000E+OO 3,220E-03 2.221E-02 2.316E-03
4.000E+O1 2.005E-01 2.613E-02 2.403E-03 0.000E+OO 4.072E-03 2.426E-02 2.257E-03
4.500E+01 2.855E-01 3.234Z-02 2.884E-03 0.000E+OO 4.898E-03 2.581E-02 2.490E-03
5.000E+O1 3.789E-01 3.882E-02 3.314E-03 0.000E+OO 5.756E-03 2.730E-02 2.671E-03
5.500E+01 4.734E-01 4.481E-02 3.698E-03 0.000E+OO 6.619E-03 2.833E-02 2.796E-03
6.000E+O1 5.716E-01 4.913E-02 4.047E-03 0.000E+OO 7.549E-03 2.928E-02 2.774E-03
6.500E+01 6.629E-01 5.421E-02 4.342E-03 0.000E+OO 8.409E-03 2.966E-02 2.764E-03
7.000E+O1 7.493E-01 5.895E-02 4.620E-03 0.000E+OO 9.287E-03 3.003E-02 2.567E-03
7.500E+01 8.342E-01 6.361E-02 4.891E-03 0.000E+OO 1.016E-02 2.991E-02 2.360E-03
8.000E+O1 9.067E-01 6.723E-02 5.080E-03 0.000E+OO 1.119E-02 2.977E-02 2.214E-03
8.500E+01 9.888E-01 7.106E-O2 5.273E-03 0.0001q+OO 1.238E-02 2.987E-02 2.056E-03
9.000E+O1 1.078E+O0 7.523E-02 5.505E-03 0.000E+OO 1.386E-02 3.029E-02 1.885E-03
9.500E+01 1.161E+O0 7.884E-02 5.720E-03 0.000E+OO 1.542E-02 3.045E-02 1.742E-03
1.000E+02 1.249E+O0 8.244E-02 5.954E-03 0.000E+OO 1.711E-02 3.056E-02 1.630E-03
1.1OOE+O2 L.435E+O0 8.914E-02 6.474E-03 0.000E+OO 2.119E-02 3.105E-O2 1.448E-03
1.200E+02 1.620E+O0 9.415E-02 7.033E-03 0.000E+OO 2.598E-02 3.134E-02 1.307E-03
1.300E+02 1.798E+O0 9.801E-02 7.704E-03 0,000E+OO 3.143E-02 3.230E-02 1.199E-03
1.400E+02 1.977E+O0 1.OIOE-01 8.430E-03 0.000E+OO 3.733E-02 3.378E-02 1.103E-O3
1.500E+02 2.149E+O0 1.034E-01 9.252E-03 0.000E+OO 4.547E-02 3.523E-02 1.035E-03

TOTAL

8.831E-02
1.604E-01
2.597E-01
3.539E-01
4.567E-01
5.596E-01
6.644E-01
7.623E-01
8.547E-01
9.452E-01
1.022E+O0
1.109E+OO
1.205E+O0
1.294E+O0
1.386E+O0
1.584E+O0
1.780E+O0
1.968E+O0
2.158E+O0
2.343E+O0



s
0.—
-G
$

105

104

103

102

10’

103

102

n + 208Pbnonelastic and production cross sections

●*...*”””””” ....... n...................................*.......~
Y

-——- P-— -- —---
/H0

/
/

.0””-e ---- ------ ------ -@T,-L_.~d d“” 3
0 d“”# H“”H“”~“” t4“”.H*” .d”-.-----4“”4” .z.-

d“”d“” ,---
.<$.-.09-. ---------- e

.-
$.

I I I I I I 1 I I I I I 1 I I

0 50
Incident Energy

100
(MeV)

150



n + 208Pbangle-integrated emission spectra



n +208Pb Kalbach preequilibrium ratios



w-
\

,
.

m

—

2?
c
d

<
s

-10

1-aam

\

\

!,,
,,,

!’,,,,’

/



,,



Z-1F
-

Laco

oal00

“>C
D

O
w

u)oC
N
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P + HI EVALUATION UP TO 150 MEV
G. Hale, LANL, Feb 1998

P-P ELASTIC CROSS SECTIONS CALCULATED FOR EP BETWEEN O AND
150 MEV FROM AN R-MATRIX ANALYSIS OF P-P CROSS-SECTION AND
POLARIZATION DATA IN THIS ENERGY RANGE. THE MAXIMUM NUCLEAR
PARTIAL WAVE ALLOWED IN THE FIT IS L=6, AND THE RESULTING
CHI-SQUARED PER DEGREE OF IS 1.8.
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EVALUATION OF ~ + 2H CROSS SECTIONS FOR THE ENERGY
RANGE 0.1 to 150 MeV

P. G. Young, M.B. Chadwick, and G. M. Hale
23 March 1997

1. SUMMARY

This evaluation provides a complete representationof the
nuclear data needed for transport, damage. heatinq,
radioactivity,
neutron energy

To summarize,
energies:

MF=3 MT= “-2
MT= 28
MT=102

MF=6 MT= 2
MT= 28

MT=102

- .
and shielding ~pp.licatio~sover the incident
range from 0.1 to 150 MeV.

the following ENDF sections are utilized at all

Elastic Scattering Cross Section
2H(p,np)lH Cross Section
Radiative Capture Cross Section (EstimateOnly at
higher energies)

Elastic Proton Angular Distributions
production Cross Sections and Energy-Angle
Distributions for Emission Neutrons and Protons
Gamma-ray multiplicities from radiative capture
and designation of residual nucleus for heating.

2. METHODOLOGY USED IN EVALUATION

Our preliminary evaluation of the 2H(p,n2p) cross section is
based on experimental data for both the p + 2H [Ca73] and n + 2H
reaction (nonelastic)cross sections, since these appear to be
indistinguishable at energies above about 20 MeV. Additionallyt
we utilize the Faddeev calculations of Sloan [s171] for the
evaluated cross section at lower energies.

We are utilizing the results of Hale’s R-matrix analysis of p +
2H data at proton energies up to 4 MeV and experimental data up
to an energy of 65 MeV for the evaluation of elastic scattering.
The angular distribution from the 64.8-MeV measurement is used up
to 150 MeV.
Experimental data [Gr55] normalized to sigma=4.15e-6
barns at a proton energy of 1 MeV are used for the
2H(p,gamma)3He cross section below 2 MeV; these results are
joined smoothly to the ENDF/B-VI evaluated 2H(n,gamma)3H cross
section above 4 MeV.

**************** **************** **************** ****************

REFERENCES

[Ca73] R. F. Carlson, P. Doherty, D. J. Margaziotis, I. Slaus,
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[Ch97]. M.B. Chadwick, P G. Young, and G.-M. Hale, “Evaluation
of n + 2H Cro”ss~ections,“ Group T-2 Progress Report for the
Accelerator Production of Tritium Program, 1 January – 1
February 1997.
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EVALUATION OF P i-12C CROSS SECTIONS FOR THE ENERGY
RANGE 1. to, 150 MeV

M. B. Chadwick and P. G. Young
16 July 1996

This evaluation provides a complete representation of the
nuclear data needed “for transport, damage, heating,
radioactivity, and shielding applications over the incident
proton energy range from l.to .150 MeV.

The evaluation utilizes MF=6, MT=5 to represent all reaction
data. Production cross sections and emission spectra are given
for emission neutrons, protons, deuterons, alpha particles,
gamma rays, and all residual nuclides produced (A>5) in the
reaction chains. To summarize, the following ENDF sections are
included:

MF=3 MT= 2

MT= 5

MF=6 MT= 2

MT= 5

Integral of nuclear plus interference COrtpOnW’ItS_

of the elastic scattering cross section

Sum of binary (n,n’) and (n,x) reactions

Elastic angular distributions given as ratios of
the differential nuclear-plus-interference to the
integrated value.

Production cross sections and enerqy-anqle
distributions for emission neutron=; pr~tons,
deuterons, and alphas; and angle-integrated
spectra for gamma rays and residual nuclei that
are stable against particle emission

The evaluation is based on nuclear model calculations that
, have been benchmarked to experimental data, especially for n +
C12 and p + C12 reactions (Ch96a, Ch96b, Ch96c) . We use the
GNASH code system (Y092), which utilizes Hauser-Feshbach
statistical, preequi-librium and direct-reaction theories.
Coupled-channel and spherical optical model calculations are
used to obtain particle transmission coefficients for the
13auser-Feshbach calculations, as well as for the elastic neutron
angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions that exceed a cross section of
approximately 1 nb at any energy. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .

A.rnockl. was.devebped ho. cal.clulahe hb.e enerqy distrihu~ions of
all recoil nuclei in the GNASH calculations (Ch96b) . The recoil
~nergy distributions are represented in the laboratory system in
MT=5 , MF=6, and are given as isotropic in the lab system. Note
that all other data in MT.5,MF=6 are given in the center-of-mass
system. This method of representation requires a modification of
the original ENDF-6 format.

Preequilibrium corrections were performed in the course of the



GNASH calculations using either Feshbach, Kerman, Koonin (FKK)
theory [Ch93d] or the exciton model of Kalbach (Ka77, Ka85) .
Discrete level data from nuclear data sheets were matched to
continuum level densities using the f-orrnul”aliionof Ignatyuk
(Ig75) and pairing and shell parameters from the Cook (C067)
analysis. Neutron and charged-particle transmission
coefficients were obtain~d from the optical potentials, as
discussed below. Gamma-ray transmission coefficients were
calculated using the Kopecky-Uhl model (K090) .

MT=2 elastic scattering data, in MF=3 and MF=6 are based on
optical model calculations with the SCAT2 code (Be92) . We have
made use of the ‘I,nuclear-plus–interference” option in MF=6,
which corresponds to LAw=5, LTP=12, and the appropriate
integrated cross section is stored in MF=3. Note that because
of the interference effect, the tabulations in both MF=6 and
MF=3 can be negative at some energies and angles.

**************** **************** **************** ****************
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6912 = TARGET 1000Z+A (if A=O themelemental)
1001 = PROJECTILE 1000Z+A
Nonelastic, elastic, and Producticm cross sectkms fc.rA<5 ejectiles in barns:
Energy nonelas elastic neutron proton deuteron triton helium3 alpha ganmla

5.000E+OO 7.557E-02 0.000E+OO 0.000E+OO 7.5’57E-020.000i+OO 0.000E+OO 0.000E+OO 0.000E+OO 7.556E-02
6.000E+OO 1.450E-01 0.000E+OO 0.000E+OO 1.450E-01 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 1.450E-01
7.000E+OO 1.960E-01 0.000E+OO 0.000E+OO 1.960E-01 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 1.960E-01
8.000E+OO 2.560E-01 0.000E+OO 0.000E+OO 2.560E-01 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 2.560E-01
9.000E+OO 2.920E-01 0.000E+OO 0.000E+OO 2.920E-01 0.000E+OO 0.000E+OO 0.000E+OO 2.237E-01 2.312E-01
1.000E+O1 3.1OOE-O1 0.000E+OO 0.000E+OO 3.1OOE-O1 0.000E+OO 0.000E+OO 0.000E+OO 2.871E-01 2.354E-01
1.1OOE+O1 3.324E-01 0.000E+OO 0.000E+OO 3.324E-01 0.000E+OO 0.000E+OO 0.000E+OO 5.020E-01 2.092E-01
1.200E+01 3.448E-01 0.000E+OO 0.000E+OO 3.448E-01 0.000E+OO 0.000E+OO 0.000E+OO 6.326E-01 1.864E-01
1.300E+01 3.572E-01 0.000E+OO 0.000E+OO 3.570E-01 0.000E+OO 0.000E+OO 0.000E+OO 7.319E-01 1.660E-01
1.400E+01 3.696E-01 0.000E+OO 0.000E+OO 3.691E-01 0.000E+OO 0.000E+OO 0.000E+OO 8.047E-01 1.449E-01
1.500E+01 3.820E-01 0.000E+OO 0.000E+OO 3.812E-01 0.000E+OO 0.000E+OO 0.000E+OO 8.364E-01 1.320E-01
1,600E+01 3.959E-01 0.000E+OO 0.000E+OO 3.951E-01 0.000E+OO 0.000E+OO 0.000E+OO 1.015E+O0 1.048E-01
1.700E+01 4.109E-O1 0.000E+OO 0.000E+OO 4.101E-O1 0.000E+OO 0.000E+OO 0.000E+OO 1.128E+O0 9.254E-02
1.800E+01 4.246E-01 0.000E+OO 0.000E+OO 4.240E-01 5.783E-05 0.000E+OO 0.000E+OO 9.779E-01 8.977E-02
1.900E+01 4.357E-01 0.000E+OO ,0.000E+OO4.356E-01 4.274E-04 0.000E+OO 0.000E+OO 9.996E-01 8.959E-02
2.000E+O1 4.41OE-O1 0.000E+OO 8.509E-09 4.412E-01 2.159E-03 0.000E+OO 0.000E+OO 1.O1OE+OO 8.844E-02
2.300E+01 4.340E-01 0.000E+OO 3.761E-03 4.292E-01 1.571E-02 0.000E+OO 0.000E+OO 9.618E-01 8.387E-02
2.700E+,014.149E-01 0.000E+OO 2.262E-02 4.084E-01 3.055E-02 0.000E+OO 0.000E+OO 8.320E-01 9.474E-02
3.000E+O1 4.006E-01 0.000E+OO 3.572E-62 3.904E-01 4.167E-02 0.000E+OO 0.000E+OO 7.238E-01 1.145E-01
3.500E+01 3.785E-01 0.000E+OO 5.628E-02 3.718E-01 5.143E-02 0.000E+OO 0.000E+OO 5.956E-01 1.300E-01
4.000E+O1 3.630E-01 0.000E+OO 7.443E-02 3.635E-01 5.760E-02 0.000E+OO 0.000E+OO 5.098E-01 1.350E-01
5.000E+O1 3.340E-01 0.000E+OO 9.890E-02 3.525E-01 6.744E-02 0.000E+OO 0.000E+OO 4.014E-01 1.340E-01
6.000E+O1 3.060E-01 0.000E+OO 1.185E-01 3.514E-01 7.338E-02 0.000E+OO 0.000E+OO 3.387E-01 1.223E-01
7.000E+O1 2.81OE-O1 0.000E+OO 1.328E-01 3.469E-01 8.045E-02 0.000E+OO 0.000E+OO 3.000E-01 1.081E-01
8.000E+O1 2.560E-01 0.000E+OO 1.437E-01 3.400E-01 8.187E-02 0.000E+OO 0.000E+OO 2.704E-01 9.459E-02
9.000E+O1 2.366E-01 0.000E+OO 1.517E-01 3.326E-01 8.385E-02 O.000~+00 0.000E+OO 2.477E-01 8.329E-02
1.000E+02 2.270E-01 0.000E+OO 1.633E-01 3.371E-01 8.589E-02 0.000E+OO 0.000E+OO 2.369E-01 7.704E-02
1.1OOE+O2 2.230E-01 0.000E+OO 1;747E-01 3.451E-01 8.815E-02 0.000E+OO 0.000E+OO 2.288E-01 7.416E-02
1.200E+02 2.220E-01 0.000E+OO 1.858E-01 3.546E-01 9.283E-02 0.000E+OO 0.000E+OO 2.253E-01 7.127E-02
1.300E+02 2.234E-01 0.000E+OO 1.995E-01 3.696E-01 9.614E-02 0.000E+OO 0.000E+OO 2.266E-01 7.051E-02
1.400E+02 2.240E-01 0.000E+OO 2.112E-01 3.811S-01 9.714E-02 0.000E+OO 0.000E+OO 2.254E-01 7.00IE-02
1.500E+02 2.224E-01 0.000E+OO 2.182E-01 3.866E-01 9.691E-02 0.000E+OO 0.000E+OO 2.238E-01 6.889E-02

6012 = TARGET 1000Z+A (if A=O then elemental)
1001 = PROJECTILE 1000Z+A
Aver. lab emission energies for A<5 ejectiles in MeV:
Energy neutron proton deuteron triton halium3 alpha mmma

5.000E+OO 0.000E+OO 2.033E-01 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO”4.500E+O0
6.000E+OO 0.000E+OO 9.586E-ol 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 4.5ooE+oo
7.000E+OO 0.000E+OO 1.887E+O0 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 4.500E+O0
8.000E+OO 0.000E+OO 2.816E+O0 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 4.500E+O0
9.000E+OO 0.000E+OO 2.937E+O0 0.000E+OO 0.000E+OO 0.000E+OO 3.460E-01 4.500E+O0
1.000E+O1 0.000E+OO 3.718E+O0 0.000E+OO 0.000E+OO 0.000E+OO 3.719E-01 4.500E+O0
I.1OOE+O1 0.000E+OO 4.145E+O0 0.000E+OO 0.000E+OO 0.000E+OO 4.700E-01 4.500E+O0
1.200E+01 0.000E+OO 4.842E+O0 0.000E+OO 0.000k+OO 0.000E+OO 5.586E-01 4.500E+O0
1.300E+01 0.000E+OO 5.025E+O0 0.000E+OO 0.000E+OO 0.000E+OO 7.053E-01 4.500E+O0
1.400E+01 0.000E+OO 5.301E+O0 0.000E+OO 0.000E+OO 0.000E+OO 8.664E-01 4.495E+O0
1.500E+01 0.000E+OO 5.672E+O0 0.000E+OO 0.000E+OO 0.000E+OO 1.035E+O0 4.483E+O0
1.600E+01 0.000E+OO 5.624E+O0 0.000E+OO 0.000E+OO 0.000E+OO 1.205E+O0 4.465E+O0
1.700E+01 0.000E+OO 5.933E+O0 0.000E+OO 0.000E+OO 0.000E+OO 1.355E+O0 4.452E+O0
1.800E+01 0.000E+OO 6.344E+O0 3.747E-01 0.000E+OO 0.000E+OO 1.497E+O0 4.453E+O0
1.900E+01 0.000E+OO 6.728E+O0 1.074E+O0 0.000E+OO 0.000E+OO 1.647E+O0 4.449E+O0
2.000E+O1 2.931E-01 7.117E+O0 1.931E+O0 0.000E+OO 0.000E+OO 1.812E+O0 4.451E+O0
2.300E+01 1.668E+O0 8.335E+O0 2.991E+O0 0.000E+OO 0.000E+OO 2.285E+O0 4.175E+O0
2.700E+01 3.133E+O0 9.524E+O0 5.496E+O0 0.000E+OO 0,000E+OO 2.765E+O0 4.022E+O0
3.000E+O1 4.250E+O0 1.064E+01 6.997E+O0 0.000E+OO 0.000E+OO 3.076E+O0 4.107E+OO
3.500E+01 5.856E+O0 1.247E+01 9.686E+O0 0.000E+OO 0.000E+OO 3.445E+O0 4.120E+O0
4.000E+O1 7.491E+O0 1.403E+01 1.229E+01 0.000E+OO 0.000E+OO 3.818E+O0 3.948E+O0
5.000E+O1 1.035E+01 1.707E+01 1.734E+01 0.000E+OO 0.000E+OO 4.422E+O0 3.764E+O0
6.000E+O1 1.282E+01 1.936E+01 2.039E+01 0.000E+OO 0.000E+OO 4.930E+O0 3.611E+O0
7.000E+O1 1.516E+01 2.150E+01 2.295E+01 0.000E+OO 0.000E+OO 5.390E+O0 3.537E+O0
8.000E+O1 1.721E+01 2.349E+01 2.502E+01 0.000E+OO 0.000E+OO 5.827E+O0 3.488E+O0
9.000E+O1 1.928E+01 2.529E+01 2.764E+01 0.000E+OO 0.000E+OO 6.250E+O0 3.470E+O0
1.000E+02 2.125E+01 2.712E+01 2.971E+01 0.000E+OO 0.000E+OO 6.664E+O0 3.450E+O0
1.1OOE+O2 2.325E+01 2.926E+01 3.214E+01 0.000Ii+OO0.000E+OO 7.139E+O0 3.408E+O0
1.200E+02 2.517E+01 3.136E+01 3.520E+01 0.000E+OO 0.000E+OO 7.494E+O0 3.462E+O0
1.300E+02 2.715E+01 3.357E+01 3.704E+01 0.000E+OO 0.000E+OO 7.873E+O0 3.514E+O0
1.IiOOE+022.920E+013.580E+013.894E+010.000E+OO0.000E+OO8.185E+O03.588E+O0
1.500E+02 3.116E+01 3.826E+01 4.069E+01 0.000E+OO 0.000E+OO 8.437E+O0 3.696E+O0
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EVALUATION OF p + 14N CROSS SECTIONS FOR THE ENERGY
RANGE 1 to 150 MeV

M. B. Chadwick and P. G. Young
1 August 1997

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
proton energy range from 1 to 150 MeV. The evaluation utilizes
MF=6, MT=5 to represent all reaction data. Production cross
sections and emission spectra are given for neutrons, protons,
deuterons, tritons, alpha particles, gamma rays, and all
residual nuclides p-reduced (A>5) in the reaction chains. To
summarize, the ENDF sections with non-zero data above are:

MF=3 MT= 2

MT= 5

MF=6 MT= 2

MT= 5

Integral of nuclear plus interference components
of the elastic scattering cross section

Sum of binary

Elastic (p,p)
ratios of the

(p,n’) and (p,x) reactions

angular distributions given
differential nuclear-plus-

as

interference to the integrated value.

Production cross sections and enerqy-anqle
distributions for emission neutron=: pr;tons,
deuterons, and alphas; and angle-integrated
spectra for gamma rays and residual nuclei that
are stable against particle emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
14N and p + 14N reactions (Ch97) . We use the GNASH code system
(Y092) , which utilizes Hauser-Feshbach statistical,

, preequilibrium and direct-reaction theories. Spherical optical
model calculations ar’e used to obtain particle transmission
coefficients for the Hauser-Feshbach calculations, as well as
for the elastic proton angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A model was developed to calculate the energy distributions of

all recoil nuclei in the GNASH calculations (Ch96) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. All
other data in MT.5,MF=6 are given in the center-of-mass system.
This method of representation utilizes the LCT=3 option approved
at the November, 1996, CSEWG meeting.

Preequilibrium corrections were performed in the course of the
GNASH calcu~ations using the exciton model of Kalbach (Ka77,
Ka85) , validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyuk (Ig75) and pairing and shell
parameters from the Cook (C067) analysis. Neutron and charged-
particle transmission coefficients were obtained from the
optical potentials, as discussed below. Gamma-ray transmission



coefficients we~e calculated’ using the Kopecky-Uhl model (K090) .

DETAILS OF THE p + N-14 ANALYSIS

GNASH calculations [Y092] were performed for neutron and proton
reactions on nitrogen up to 150 MeV, and the calculated results
were benchmarked’ against experimental data. The present
evaluation made extensive use of our previous work [Ch96a,Ch97] .
Very minor differences with this earlier work exist due to
recent developments in the GNASH code. Additionally, the
(angle-integrated) emission spectra of heavy recoils were
calculated using our model described in Ref. [Ch961. Some
additional information on this evaluation can be found in Ref.
[Ch97] .
Between 20 and 150 MeV, the optical models used (the neutron

potential of Islam below 60 MeV [1s88]; Madland’s potential
[Ma88] at higher energies, with Lane transformations for the
proton potential) provided a reasonably good description of
measured reaction cross section data. But since a very accurate
description of the reaction cross section is important for
determining secondary particle spectra, we slightly modify the
calculated results to better describe the experimental data, and
renormalize the calculated transmission coefficients
accordingly. Experimental proton-induced nonelastic cross
sections from the Bauhoff compilation [Ba86] were used for this
purpose. The SCAT2 code [Be92] was used to calculate the
transmission coefficients. No measurements for the neutron
reaction cross section on nitrogen exist above about 50 MeV.
However, systematic have been determined from a number of
target elements at 95 MeV by DeJuren [De50], and for 100 MeV
protons by Kirby and Link [Ki66] (at this energy the proton and
neutron reaction’cross sections would be expected to be very
similar) . We have, therefore, used these systematic to guide
our evaluated reaction cross sections. Additionally, below 50
MeV we have also been guided by the proton-induced reaction
cross sections of Carlson et al. [ca751 . Experimental total
elastic scattering values of Islam et al. [IS88] , Olsson et al.
[01901 , and Petler et al. [Pe85] were obtained by subtracting
their angle-integrated elastic data from the evaluated total
cross sections (see below) .

Preequilibrium spectra were calculated with the exciton model
in the GNASH code [Ka77,Ka85] . Nuclear level densities were
determined using the Ignatyuk model [Ig75], as implemented by
Arthur et al. [Y092] . Pairing energ$es were obtained from the
~ook systematic’ with the Los Alamos extensions to light nuclei
from [Ar83] . This continuum level density formulation is
matched continuously onto discrete low-lying levels at the lower
excitation energies. Discrete level information (energy, spin,
parity, gamma-ray branching ratios) is tabulated for each
nuclide in an input file, which is based on the Ajzenberg-Selove
compilations . For each nucleus we performed a level-density
analysis and determined the excitation energy at which we judged
hFle 1eve 1 da ta ‘comp1*’. &mmna--ray-tzransmiSs-ion coefficients
were obtained from the Kopecky-Uhl model [K092] .

Comparison was made with new (unpublished) data from South
Africa (Cowley et al.) for 150 and 200 MeV protons Qn 14N. The
evaluated proton emission spectra were in reasonable agreement
with the experimental data. For deuteron and alpha ejectiles,
the quality of agreement was poorer. However, modeling cluster
emission in these nuclei is difficult, and the cross sections



are small, sa the practical impact is low.

**************** **************** **************** ****************
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7014 = TARGET 1000Z+A (if,A=O then elemental)
1001 . PROJECTILE 1000Z+A
Nonelastic, elastic, and Production cross sections for A<,5ejectiles in barns:
Energy nonelas ‘elastic neutron proton deuteron triton helium3 alpha gamma

3.000E+OO 2.221E-01 0.000E+OO 0“.000E+OO2.221E-01 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 2.221E-01
~.000E+OO 2.621E-01 0.000E+OO 0.000E+OO 2.620E-01 0.000E+OO 0.000E+OO 0.000E+OO 1.472E-04 2.620E-01
5,000E+O0 2.950E-01 0.000E+OO 0.000E+OO 2.1339E-010.000E+OO 0.000E+OO 0.000E+OO 1.lllE-02 4.382E-01
6.000E+OO 3.266E-01 0.000E+OO 0.000E+OO 2.639E-01 0.000E+OO 0.000E+OO 0.000E+OO 6.268E-02 4.096E-01
7;OOOE+O0 3.560E-01 0.000E+OO 1.267E-05 2.546E-01 0.000E+OO 0.000E+OO 0.000E+OO 1.014E-01 3.985E-01
8.000E+OO 3.809E-01 0.000E+OO 1.268E-04 2.623E-01 0.000E+OO 0.000E+OO 0.000E+OO 1.184E-01 4.308E-01
9.000E+OO 3.987E-01 0.000E+OO 4.053E-04 2.71OE-O1 0.000E+OO 0.000E+OO 0.000E+OO 1.273E-01 4.795E-01
1.000E+O1 4.150E-01 0.000E+OO 8.179E-04 2.942E-01 8.807E-05 0.000E+OO 0.000E+OO 1.328E-01 5.019E-01
1.1OOE+O1 4.309E-01 0.000E+OO 1.421E-03 3.322E-01 2.382E-03 0.000E+OO 0.000E+OO 1.338E-01 4.883E-01
1.200E+01 4.478E-01 0.000E+OO 2.916E-03 3.767E-01 7.94’6E-03O.0,00E+OO0.000E+OO 1.231E-01 4.901E-01
1.300E+01 4.604E-01 0.000E+OO 5.324E-03 4.24’iE~Ol1.478E-02 0.000E+OO 0.000E+OO 1.082E-01 4.767E-01
1.400E+01 4.693E-01 0.000E+OO 1.078E-02 4.618E-01 2.188E-02 0.000E+OO 0.000E+OO 9.896E-02 4.482E-01
1.500E+01 4.812E-01 0.000E+OO 1.682E-02 4.934E-01 2.954E-02 0.000E+OO 0.000E+OO 9.913E-02 4.290E-01
1.600E+01 4.915E-01 0.000E+OO 2.409E-02 5.131E-01 3.324E-02 0.000E+OO 0.000E+OO 1.217E-01 3.91OE-O1
1.700E+01 4.989E-01 0.000E+OO 3.052E-02 5.373E-01 3.977E-02 0.000E+OO 0.000E+OO 1.294E-01 3.628E-01
1.800E+01 5.063E-01 0.000E+OO 3.774E-02 5.608E-01 4.595E-02 0.000E+OO 0.000E+OO 1.399E-01 3.297E-01
1.900E+01 5.139E-01 0.000E+OO 4.634E-02 5.835E-01 5.196E-02 0.000E+OO 0.000E+OO 1.425E-01 3.151E-01
2.000E+O1 5.190F!-010.000E+OO 5.460E-02 5.989E-01 5.745E-02 0.000E+OO 0.000E+OO 1.489E-01 2.831E-01
2.200E+01 5.229E-01 0.000E+OO 7.044E-02 6.196E-01 6.796E-02 0.000E+OO 0.000E+OO 1.590E-01 2.642E-01
2.400E+01 5.176E-01 0.000E+OO 8;585E-02 6.231E-01 7.394E-02 0.000E+OO 0.000E+OO 1.670E-01 2.631E-01
2.600E+01 5.050E-01 0.000E+OO 1.00IE-01 6.280E-01 7.604E-02 0.000E+OO 0.000E+OO 1.767E-01 2.449E-01
2.800E+01 4.868E-01 O.OOOE+OO’1.1O5E-O1 6.190E-01 8.002E-02 0.000E+OO 0.000E+OO 1.968E-01 2.169E-01
3.000E+O1 4.718E-01 0.000E+OO 1.189E-01 6.1OOE-Q1 8.280E-02 0.000E+OO 0.000E+OO 2.180E-01 2.036E-01
3.500E+01 4.491E-01 0.000E+OO 1.390E-01 6.016E-01 8.606E-02 0.000E+OO 0.000E+OO 3.098E-01 1.689E-01
4;OOOE+01 4.236E-01 0.000E+OO 1.553E-01 5.903E-01 8.669E-02 0.000E+OO 0.000E+OO 3.585E-01 1.484E-01
4.500E+01 3.903E-01 0.000E+OO 1.631E-01 5.629E-01 8.492E-02 0.000E+OO 0.000E+OO 3.860E-01 1.212E-01
5.000E+O1 3.624E-01 0.000E+OO 1.708E-’O15.411E-01 7.995E-02 0.000E+OO 0.000E+OO 4.036E-01 1.017E-01
5.500E+01 3.457E-01 0.000E+OO 1.804E-01 5.303E-01 7.562E-02 0.000E+OO 0.000E+OO 4.170E-01 9.230E-02
6.000E+O1 3.301E-01 0.000E+OO 1.878E-01 5.181E-01 7.358E-02 0.000E+OO 0.000E+OO 4.31OE-O1 8.042E-02
6.500E+01 3.147E-01 0.000E+OO 1.937E-01,5.076E-01 7.000E-02 0.000E+OO 0.000E+OO 4.276E-01 7.285E-02
7.000E+O1 3.002E-01 0.000E+OO 1.964E-01 4.914E-01 6.715E-02 0.000E+OO 0.000E+OO 4.118E-01 6.594E-02
7.500E+01 2.884E-01 0.000E+OO 2.015E-01 4.824E-01 6.405E-02 0.000E+OO 0.000E+OO 4.009E-01 6.472E-02
8.000E+O1 2.794E-01 0.000E+OO 2.066E-01 4.787E-01 6.400E-02 0.000E+OO 0.000E+OO 3.939E-01 5.851E-02
8.500E+01 2.721E-01 0.000E+OO 2.115E-01 4.743E-01 6.367E-02 0.000E+OO 0.000E+OO 3.837E-01 5.535E-02
9.000E+O1 2.661E-01 0.000E+OO 2.177E-01 4.732E-01 6.298E-02 0.000E+OO 0.000E+OO 3.770E-01 5.546E-02
9.500E+01 2.616E-01 0.000E+OO 2.222E-01 4.742E-01 6:348E-02 0.000E+OO 0.000E+OO 3.702E-01 5.205E-02
1.000E+02 2.595E-01 0.000E+OO 2.318E-01 4.789E-01 6.706E-02 0.000E+OO 0.000E+OO 3.712E-01 4.903E-02
1.1OOE+O2 2.584E-01 0.000E+OO 2.499E-01 4.954E-01 7.1”04E-020.000E+OO 0.000E+OO 3.711E-01 4.740E-02
1.200E+02 2.577E-01 0.000E+OO 2.677E-01 5.098E-01 7.424E-02 0.000E+OO 0.000E+OO 3.678E-01 4.550E-02
1.300E+02 2.570E-01 0.000E+OO 2.798E-01 5.204E-01 7.687E-02 0.000E+OO 0.000E+OO 3.611E-01 4.411E-02
1.”400E+022.566E-01 0.000E+OO 2.946E-01 5.3507-01 7.935E-02 0.000E+OO 0.000E+OO 3.615E-01 4.346E-02
1.5001z+022.567E-01 0.000E+OO 3.088E-01 5.467E-01 8.140E-02 0.000E+OO 0.000E+OO 3.591E-01 4.213E-02

7014 = TARGET 1000Z+A (if A.O then elemental)
1001 = PROJECTILE 1000Z+A
Aver. lab emission energies for A<5 ejectiles in MeV:
Energy neutron proton deuteron triton helium3 alpha g—

3.000E+OO 0.000E+OO 4.949E-01 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 2.250E+O0
4.000E+OO 0.000E+OO 1.452E+O0 0.000E+OO 0.000E+OO 0.000E+OO 6.426E-01 2.250E+O0
5.000E+OO 0.000E+OO 1.367E+O0 0.000E+OO 0.000E+OO 0.000E+OO 1.411E+O0 2.099E+O0
6.000E+OO 0.000E+OO 1.884E+O0 0.000E+OO 0.000E+OO 0.000E+OO 2.083E+O0 2.434E+O0
7.000E+OO 5.344E-01 2.249E+O0 0.000E+OO 0.000E+OO 0.000E+OO 2.512E+O0 2.794E+O0
8.000E+OO 1.485E+O0 2.724E+O0 0.000E+OO 0.000E+OO 0.000E+OO 2.993E+O0 2.909E+O0
9.000E+OO 2.433E+O0 3.275E+O0 0.000E+OO 0.000E+OO 0.000E+OO 3.417E+O0 2.957E+O0
1.000E+O1 3.383E+O0 3.758E+O0 1.030E+O0 0.000E+OO 0.000E+OO 3.803E+O0 3.029E+O0
1,1OOE+O1 4.168E+O0 4.060E+O0 1.939E+O0 0.000E+OO 0.000E+OO 4.088E+O0 3.102E+OO
1.200E+01 2.851E+O0 4.469E+O0 2.364E+O0 0.000E+OO 0.000E+OO 4.469E+O0 3.192E+O0
1.300E+01 2.346E+O0 4.803E+O0 2.887E+O0 0.000E+OO 0.000E+OO 4.771E+O0 3.272E+O0
1.400E+01 2.333E+O0 5.159E+O0 3.294E+O0 0.000E+OO 0.000E+OO 4.994E+O0 3.312E+O0
1.5eeE+Ol 2.477E+085z436z+O~3,884M060.066X+06 0.WH3~+O&5zC74E+06 3<3.53.E+OG
1.600E+01 2.417E+O0 5.397E+O0 4.328E+O0 0.000E+OO 0.000E+OO 5.086E+O0 3.404E+O0
1.700E+01 2.677E+O0 5,615E+O0 4.778E+O0 0.000E+OO 0.000E+OO 4.91OE+OO 3.391E+O0
1.800E+01 2.874E+O0 5.830E+O0 5.106E+OO 0.000E+OO 0.000E+OO 4.823E+O0 3.363E+O0
1.900E+01 3.083E+O0 6.108E+OO 5.572E+O0 0.000E+OO 0.000E+OO 4.890E+O0 3.322E+O0
2.000IC+O13.149E+O0 6.306E+O0 6.064E+O0 0.000E+OO 0.000E+OO 4.987E+O0 3.314E+O0
2.200E+01 3.573E+O0 6.847E+O0 6.927E+O0 0.000E+OO 0.000E+OO 5.176E+O0 3.184E+O0
2.400E+01 3.936E+O0 7.476E+O0 7.585E+O0 0.000E+OO 0.000E+OO 5.321E+O0 3.151E+O0

2.600E+I014.162E+O07.926E+O08.618E+O00.000E+OO0.000E+OO5.248E+O0 3.079E+O0
2.800E+01 4.564E+O0 8.31OE+OO 9.633E+O0 0.000E+OO 0.000E+OO 5.051E+O0 3.00IE+OO
3.000E+O1 5.028E+O0 8.817E+O0 1.059E+01 0.000E+OO 0.000E+OO 4.839E+O0 2.993E+O0
3,500E+01 5.952E+O0 s.809E+O0 1.246E+01 0.000k+OO 0.000E+OO 4.512E+O0 3.000E+OO
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4.000E+O1 7.051E+O0 1,109E+O1 1.444E+01 0.000E+OO 0.000E+OO 4.375E+O0 3.lllE+OO
4.500E+01 8.135E+O0 1.217E+01 1.676E+01 0.000E+OO 0.000E+OO 4.428E+O0 3.153E+O0
5.000F?+O19.188E+O0 1.319E+01 1.909E+01 0.000E+OO 0.000E+OO 4.543E+O0 3.243E+O0
5.500E+01 1.031E+01 1.436E+01 2.108E+O1 0.000E+OO 0.000E+OO 4.724E+O0 3.334E+O0
6.000E+O1 1.135E+01 li524E+Ol 2.292E+01 0.000E+OO 0.000E+O0,5.O1lE+OO 3.365E+O0
6.500E+01 1.244E+01 1.619E+01 2.494E+01 0.000E+OO 0.000E+OO 5.226E+O0 3.438E+O0
7.000E+O1 1.363E+01 1.739E+01 2.644E+01 0.000E+OO 0.000E+OO 5.628E+O0 3.31OE+OO
7.500E+01 1.468E+Oi 1.845E+01 2.811E+01 0.000E+OO 0.000E+OO 5.768E+O0 3.376E+O0
8.000E+O1 1.584E+01 1.931E+01 2.964E+01 0.000E+OO 0.000E+OO 5.954E+O0 3.392E+O0
8.500E+01 1.695E+01 2.042E+01 2.999E+01 0.000E+OO 0.000E+OO 6.197E+O0 3.378E+O0
9.000E+O1 1.790E+01 2.149E+01 3.075E+01 0.000E+OO 0.000E+OO 6.295E+O0 3.416E+O0
9.500E+01 1.924E+01 2.260E+01 3;’233E+010.000E+OO 0.000E+OO 6.335E+O0 3.428E+O0
1.000E+02 1.979E+01 2.339E+01 3.068E+01 0.000E+OO 0.000E+OO 6.736E+O0 3.401E+O0
1.1OOE+O2 2.159E+01 2.534E+01 3.091E+01 0.000E+OO 0.000E+OO 6.969E+O0 3.440E+O0
1.200E+02 2.341E+01 2.750E+01 2.985E+01 0.000E+OO 0.000E+OO 7.236E+O0 3.441E+O0
1.300E+02 2.557E+01 2.998E+01 2.943E+01 b.000E+OO 0.000E+OO 7.468E+O0 3.448E+O0
1.400E+02 2.729E+01 3.197E+01 2.849E+01 0.000E+OO 0.000E+OO 7.648E+O0 3.489E+O0
1.500E+02 2.904E+01 3.412E+01 2.665E+01 0.000E+OO 0.000E+OO 7.889E+O0 3.503E+O0
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EVALUATION OF P i-160 CROSS SECTIONS FOR THE ENERGY
RANGE 1. to,150 MeV

~. B. Chadwick and P. G. Young
16 July 1996

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
proton energy range from 1 to 150 MeV.

The evaluation utili,zes MF=6, MT=5 to represent all reaction
data. Production cross sections and emission spectra are given
for emission neutrons, protons, deuterons, alpha particles,
~amma rays{ an,d all residual nuclides produced (A>5) in the
reaction chains. To summarize, the following ENDF sections are
included:

MF=3 MT= ‘2

MT= 5

MF=6 MT= 2

MT= 5

—

Integral of nuc,lear plus interference components
of the elastic scattering cross section

Sum of binary (n,n’) and (n,x) reactions

Elastic angular distributions given as ratios of
the differential nuclear-plus-interference to the
integrated value.

Production cross sections and energy-angle
distributions for emission neutrons, protons,
deuterons, and alphas; and angle-integrated
spectra for gamma rays and residual nuclei that
are stable against particle emission‘!’

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
016 and p + 016 reactions (Ch96a, C!h96b, Ch96c) . We use the
GNASH code system (Y092), which utilizes Hauser-Feshbach
statistical, preequi-librium and direct-reaction theories.
Coupled-channel and spherical optical model calculations are
used to obtain particle transmission coefficients for the
Hauser-Feshbach calculations, as well as for the elastic neutron
angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions that exceed a cross section of
approximately 1 nb at any energy. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .

A model was developed to calculate the ener~y distributions of
ail recoil nuclei in the GNASH calculations (Ch96b) . The recoil
energy distributions are represented in the laboratory system in
MT=5 , 14F=6, and are given as isotropic in the lab system. Note
that all other data in MT.5,MF.6 are given in the center-of-mass
system. This method, of representation requires a modification of
the original ENDF-6 format.

Preequilibrium corrections were performed in the course of the



GXVAS33calculations using either Feshbach, Kerman, Koonin (FKK)

theory [Ch93d] or the exciton model o’f Kalbach (Ka77, Ka85) .
Discrete level data from nuclear data sheets were matched to
continuum level densities using the formulation of Ignatyuk
(Ig75) and pairing and shell parameters from the Cook (C067)
analysis. Neutron and charged-particle transmission
coefficients were obtained from the optical potentials, as
discussed below. Gamma-ray transmission coefficients were
calculated using the Kopecky-Uhl model (K090) .

MT=2 elastic scattering data in MF=3 and MF=6 are based on
optical model calculations with the SCAT-2 code’ (Be92) . We have
made use of the llnuclear-plus-interferenCel’ ‘option in MF=61
which corresponds to LAw=5, LTP=12, and the appropriate
integrated cross section is stored in MF=3. Note that because
of the interference effect, the tabulations in both MF=6 and
MF=3 can be negative at some energies and angles.

**************** **************** **************** ****************
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8016 = TARGET 1000Z+A (if A.O then elexnental)
1001 = PROJECTILE 1000Z+A
Nonelastic, elastic, and Production cross sections for A<5 ejectilas in barns:
Energy nonelas elastic neutron proton deuteron triton helium3 alpha genlma

,!

. .

7.000E+OO 2.083E-01”0.000E+O0 O.QOOE+OO 2.073E-01 0.000E+OO 0.000E+OO 0.000E+OO 1.030E-03 3.290E-03
8.000E+OO 3.07.5E-010.000E+OO 0.000E+OO i.853E-01 0.000E+OO

9.000E+OO 3.806E-01 0.000E+OO 0.000E+OO 3.348E-01 0.000E+OO
I.000E+O1 4.248E-01 0.000E+OO 0.000E+OO 3.759E-01 0.000E+OO
1.1OOE+O1 4.518E-01 0.000E+OO 0.000E+OO 4.039E-01 0.000E+OO
1.200E+01 4.786E-01 0.000E+OO 0.000E+OO 4.446E-01 0.000E+OO
1.300E+01 4.980E-01 0.000E+OO 0.000E+OO 4.770E-01 0.000E+OO
1.400E+01 5.105E-O1 0.000E+OO 0.000E+OO 4.990E-01 0.000E+OO
1.500E+01 5.182E-01 0.000E+OO 0.000E+OO 5.177E-01 1.846E-05
1.600E+01 5.241E-01 0.000E+OO 0.000E+OO 5.329E-03 2.236E-03
1.700E+01 5.284E-01 0.000E+OO 0.000E+OO 5.401E-01 8.577E-03
1.800E+01 5.311E-01 0.000E+OO 1.763E-04 5.3931!-011.499E-02
1.900E+01 5.330E-01 0.000E+OO 1.648E-03 5.357E-01 2.225E-02
2.000E+O1 5.346E-01 0.000E+OO 4’,372E-035.297E-01 3.201E-02
2.300E+01 5.370E-01 0.000E+OO 1.535E-02 5.244E-01 4.566E-02
2.700E+01 5.227E-01 0.000E+OO 3.787E-02 5.136E-01 6.332E-02
3.000E+O1 5.006E-01 0.000E+OO 5.446E-02 5.052E-01 7.017E-02
3.500E+01 4.706E-01 0,000E+OO 8.1.51E-024.967E-01 7.338E-02
4.000E+O1 4.490E-01 0.000E+OO 9.948E-02 4.956E-01 7.160E-02
5.000E+O1 4.O1OE-O1 0.000E+OO 1.329E-01 4.862E-01 7.092E-02
6.000E+O1 3.620E-01 0.000E+OO l~$86E-01 4.787E-01 6.957E-02
7.000E+OI 3.330E-01 0.000E+OO 1.808E-01 4.752E-01 6.937E-02
8.000E+O1 3.130E-01 0.000E+OO 1.994E-01 4.764E-01 7.153E-02
9.000E+O1 3.021E-01 0.000E+OO 2.193E-01 4.860E-01 7.687E-02
1.000E+02 2.970E-01 0.000E+OO 2.395E-01 5.024E-01 8.263E-02
1.1OOE+O2 2.956E-01 0.000E+OO 2.595E-01 5.186E-01 8.954E-02
1.200E+02 2.950E-01 0.000E+OO 2.742E-01 5.363E-01 9.332E-02
1.300E+02 2.950E-01 0.000E+OO 2.934E-01 5.546E-01 9.811E-02
1.400E+02 2.950E-01 0.000E+OO 3.082E-01 5.734E-01 1.038E-01
1.500E+02 2.950E-01 0.000E+OO 3.221E-01 5.862E-01 1.088E-01

0.000E+OO 0.000E+OO 2.213E-02 5.947E-02
0.000E+OO 0.000E+OO 4.607E-02 1.306E-01
0.000E+OO 0.000E+OO 5.193E-02 1.679E-01
0.000E+OO 0.000E+OO 6.668E-02 2.088E-01
0.000E+OO 0.000E+OO 1.082E-01 2.374E-01
0.000E+OO 0.000E+OO 1.568E-01 2.600E-01
0.000E+OO 0.000E+OO 1.831E-01 2.737E-01
0.000E+OO 0.000E+OO 2.041E-01 2.751E-01
0.000E+OO 0.000E+OO 2.119E-01 2.731E-01
0.000E+OO 0.000E+OO 2.209E-01 2.745E-01
0.000E+OO 0.000E+OO 2.377E-01 2.795E-01
0.000E+OO 0.000E+OO 2.568E-01 2.775E-01
0.000E+OO 0.000E+OO 2.736E-01 2.796E-01
0.000E+OO 0.000E+OO 3.209E-01 3.005E-01
0.000E+OO 0.000E+OO 3.717E-01 3.029E-01
O.,000E+OO0.000E+OO 3.834E-01 2.873E-01
0.000E+OO 0.000E+OO 3.789E-01 2.676E-01
0.000E+OO 0.000E+OO 4.021E-01 2.480E-01
0.000E+OO 0.000E+OO 3.120E-01 2.255E-01
0.000E+OO 0.000E+OO 2.653E-01 1.987E-01
0.000E+OO 0.000E+OO 2.339E-01 1.762E-01
0.000E+OO 0.000E+OO 2.250E-01 1.590E-01
0.000E+OO 0.000E+OO 2.351E-01 1.478E-01
0.000E+OO 0.000E+OO 2.418E-01 1.394E-01
0.000E+OO 0.000E+OO 2.476E-01 1.322E-01
0.000E+OO 0.000E+OO 2.497E-01 1.292E-01
0.000E+OO 0.000E+OO 2.539E-01 1.265E-01
0.000E+OO 0.000E+OO 2.543E-01 1.237E-01
0.000E+OO 0.000E+OO 2.565E-01 1.209E-01

8016 = TARGET 1000Z+A (if A=O then elemental)
1001 = PROJECTILE 1000Z+A

.

Aver. lab emission energies for A<5 ejectiles in MeV:
Energy neutron proton deuteron triton heliurn3 alpha gamma

7~OOOE+O0 0.000E+OO 4.950E-01 0.000E+OO 0.000E+OO 0.000E+OO 1.054E+O0 6.245E+O0
8.000E+OO 0.000E+OO 1.417E+O0 0.000E+OO 0.000E+OO 0.000E+OO 1.833E+O0 6.334E+O0
9.000E+OO 0.000E+OO 2.201E+O0 0.000E+OO 0.000E+OO 0.000E+OO 2.602E+O0 6.477E+O0
1.000E+O1 0.000E+OO 2.892E+O0 0.000E+OO 0.000E+OO 0.000E+OO 3.282E+O0 6.461E+O0
1:1OOE+O1 0.000E+OO 3.558E+O0 (1.000E+OO0.000E+OO 0.000E+OO 3.603E+O0 6.215E+O0
1.200E+01 0.000E+OO 3.880E+O0 0.000E+OO 0.000E+OO 0.000E+OO 3.169E+O0 5.887E+O0
1.300E+01 0.000E+OO 4.075E+O0 0.000E+OO 0.000E+OO 0.000E+OO 3.082E+O0 5.760E+O0
1.400E+01 0.000E+OO 4.477E+O0 0.000E+OO 0.000E+OO 0.000E+OO 3.183E+O0 5.713E+O0
1.500E+01 0.000E+OO 5.093E+O0 7.667E-01 0.000E+OO 0.000E+OO 3.340E+O0 5.746E+O0
1.600E+01 0.000E+OO 5.579E+O0 1.435E+O0 0.00~,E+OO0.000E+OO 3.728E+O0 5.783E+O0
1.700E+01 0.000E+OO 5.993E+O0 2.324E+O0 0.000E+OO 0.000E+OO 3.523E+O0 5.762E+O0
1’.8OOE+O14.796E-01 6.,483E+O0,3.212E+Q0 O.OQOE+OO 0.000E+OO 3.883E+O0 5.685E+O0
1.900E+01 1.134E+O0 6.855E+O0 4.101E+OO 0.000R+OO 0.000E+O()4.085E+O0 5.521E+O0
2.000E+O1 1.817E+O0 7.189E+O0 4.453E,+O00.000E+OO 0.000E+OO 4.055E+O0 5.348E+O0
2.300E+01 2.598E+O0 7.858E+O0 5.290E+O0 0.000E+OO 0.000E+OO 4.797E+O0 5.096E+O0
2.700E+01 4.051E+O0 9.258E+O0 7.107E+OO 0.000E+OO 0.000E+OO 4.427E+O0 5.075E+O0
3.000E+O1 4.956E+O0 1.017E+01 8.782E+O0 0.000E+OO 0.000E+OO 4.156E+O0 5.1OOE+OO
3.,500E+016.350E+O0 1.184E+01 1.178E+01 0.000E+OO 0.000E+OO 4.144E+O0 5.078E+O0
4.,bOOE+Ol7.583E+O0 1.302E+01 1.471E+01 0.000F+OO 0,000E+OO 4.377E+O0 4.978E+O0
5:OOOE+01 9.998E+O0 1.565E+01 2.020E+01 0.000E+OO 0.000E+OO 5.027E+O0 4.818E+O0
6.000E+O1 1.193E+01’’1.745E+O1 2.460E+01 0.000E+OO 0.000E+OO 5.822E+O0 4.647E+O0
7.000E+O1 1.369E+01 1.933E+01 2.823E+01 0.000E+OO 0.000E+OO 6.211E+O0 4.518E+O0
8.000E+O1 1.554E+01 2.125E+01 3.069E+01 0.000E+OO 0.000E+OO 6.476E+O0 4.442E+O0
9.000E+O1 1.721E+01 2.296E+01 3.164E+01 0.000x+OO 0.000E+OO 6.779E+O0 4.400E+O0
1.,000E+021.894E+01 2.474E+OI 3.323E+01 0.000E+OO O.OI)OE+OO7.033E+O0 4.375E+O0
1.1OOE+O2 2.065E+01 2.659E+01 3.518E+01 0.000E+OO 0.000E+OO 7.374E+O0 4.279E+O0
1.200E+02 2.280E+01 2.873E+01 3.713E+01 0.000E+OO 0.000E+OO 7.519E+O0 4.262E+O0
1.300E+02 2.453E+01 3.067E+01 3.741E+01 0.000E+OO 0.000E+OO 7.869E+O0 4.266E+O0
1.400E+02 2.62’8E+Q13.226E+01 3.896E+01 0.000ti+OO0.000E+OO 8.125E+O0 4.246E+O0
1.500E+02 2.797E+01 3.428E+01 3.946E+01 0.000E+OO 0.000E+OO 8.450E+O0 4.248E+O0

,’,
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EVALUATION OF p + 27A1 CROSS SECTIONS FOR THE ENERGY
KA.NGE 1.OE-11 to 150 MeV

?4.B. Chadwick and P. G. Young
12 February 1997

This evaluation provides a complete representation of the
nuclear data neqdqd for transport, damage, heating,
radioactivity, and shielding applications over the incident
proton energy range from 1 to ’150 ileV. Production cross
sections and emission spectra are given for neutrons, protons,
deuterons, tritons, alpha particles, gamma rays, and all
residual nuclides produced (A>5) in the reaction chains.

To summarize, the ENDF sections with non-zero data are:

MF=3 MT= 2 Integral of nuclear plus interference components
of the elastic scattering cross section

,,,
MT= ‘5 Sum of binary (n,n’) and (n,x) reactions

,’,

MF=6 MT= 2 Elastic angular distributions given as ratios of
the,,differential nuclear-plus-interference to the
integrated value.

,,,
MT= 5 Production cross sections and energy-angle

J.;, distributions for emission neutrons, protons,
deuterons, and alphas; and angle-integrated
spe’ctra for gamma rays and residual nuclei that
are stable against. particle emission

“ The evaluation is bas’ed on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
A127 and p + A127 reactions (Ch97) . We use the GNASH code system
(Y092) , which utilizes Hauser-Feshbach statistical,
preequilibrium and direct-reaction theories. Spherical optical
model calculations are used to obtain particle transmission
coefficients for the Hauser-Feshbach calculations, as well as
for the elastic neutron angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions that exceed a cross section of
approximately 1 nb at any energy. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88).
A model was developed to calculate the energy distributions of

all recoil nuclei in the GNASH calculations (Ch96) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. All
other data in MT.5,MF=6 are given in the center-of-mass system.
This method of representation utilizes the LCT=3 option approved
at the November, 1996, CSEWG meeting. .

Preec@libriuri corrections were perfGrmed in the course- of tlie
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85), validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyuk (Ig75) and pairing and shell
parameters from the CoGk (C067) analysis. Neutron and charged-
particle transmission coefficients were obtained from the
optical potentials, as discussed below. Gamma-ray transmission



coefficients were, calculated using the Kopecky-Uhl model (K090) .
The optical potential of Petler (Pe85), specially developed

$or n+Al elastic scattering, was used for neutrons up to 60 MeV,
arid above this energy the Madland global potential (Ma88) was
used. For incident protons, the Petler neutron potential was
modified to account for proton scattering up to 60 MeV, and
again the Madland global potential was used at higher energies.
For deuterons, the potential of Perey and Perey (Pe63) was used
at all energ’ies, and for tritons the Becchetti and Greenlees
potential (Be71) was adopted. FinalIyr the potential of Arthur
and Young (Ar80) , based on the work of Lemos (Le72), was used
for alpha particles at all energies. DWBA calculations were
performed for inelastic scattering to low-lying states using the
DWUCK code.

While the above optical potentials did describe the
experimental neutron and proton nonelastic cross section data
fairly well, we modified these theoretical predictions slightly
to better agree with the measurements, and renormalized the
transmission coefficients accordingly.

Both proton- and neutron-induced measurements were utilized in
~alidating our model _and parameters used in the GNASH
calculations. Of great importance were Benck et al. ‘s (Be97)
measurements of charged-particle producing reactions on Al for
incident neutrons at 63 MeV at Louvain-la–Neuve, Belgium. Since
these data represent the only neutron-induced emission spectra
above 20 MeV, they have been invaluable for guiding, and
testing, our calculations. The proton, triton, and alpha
emission spectra in the Benck et al. measurements are described
very well. Howe”ver, our deuteron emission calculations compare
poorly with the measurements. .Fortunately this has only a small
practical impact since deuteron emission is small compared to
proton emission, and our calculated emission spectrum
approximates the measured deuteron energy deposition (production
cross section times average energy) reasonably well, which is
important for heating calculations. The combination of
equilibrium and preequilibrium reaction mechanisms included in
the GNASH code account for the measured data rather well.

As an independent validation of our GNASH calculations using
the exciton model, we have also performed FKK calculations. This
was done by implementing a multistep reaction theory recently
developed by Koning and Chadwick, which is particularly suited
to the simultaneous calculation of neutron and proton emission.
The FKK theory describes the forward-peaking very well, as do
our exciton model calculations using the phenomenological
Kalbach angular distribution systematic.

As part of our evaluation, extensive comparisons were made to
higher energy proton-induced measurements. In particular, the
neutron and charged-particle emission spectra measured at the
University of Maryland (Kalend et al. and Wu et al.) for 90-MeV
protons, by Meier at Los Alamos for 113-MeV p-rotons, and
Bertrand and Peelle for 61-MeV protons are all reproduced
reasonably by the present analysis (Ch97) .
A Another-useful test of our model calculations, particularly
for radionuclide production, was made by comparing our
theoretical predictions of discrete gamma-ray emission in
.A127(n,xngamma) reactions with the recent LANSCE/WNR data taken
by Vonach, Haight, arid collaborators (V094) using the white
neutron source. Preliminary comparisons show reasonably good
agreement.
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13027 = TARGET 1000Z+A (if A=O then elemental)
1001 = PROJECTILE 1000Z+A
Nonelastic, elastic, and Production cross sections for A<5 ejectiles in barns:
Energy nonelas elastic neutron proton deuteron triton helium3 alpha gamma

A
i.000E+OO 1.352E-02 0.000E+OO 0.000E+OO 6.488E-07 0.000E+OO 0.000E+OO 0.000E+OO 1.343E-02 1.774E-03
2.000E+OO 1.526E-01 0.000E+OO 0.000E+OO 7.321E-06 0.000E+OO 0.000E+OO 0.000E+OO 1.516E-01 2.002E-02
3.000E+OO 3.545E-01 0.000E+OO 0.000E+OO 1.47’4E-050.000E+OO 0.000E+OO 0.000E+OO 3.537E-01 1.319E-01
4.000E+OO 5.189E-01 0.000E+OO 0.000E+OO 1.91OE-O3 0.000E+OO 0.000E+OO 0.000E+OO 5.163E-01 2.848E-01
5.000E+OO 6.190E-01 0.000E+OO 0.000E+OO 1.939E-02 0.000E+OO 0.000E+OO 0.000E+OO 5.990E-01 4.787E-01
6.000E+OO 6.329E-01 0.000E+OO 5.747E-03 1.342E-01 0.000E+OO 0.000E+OO 0.000E+OO 4.923E-01 6.411E-01
7.000E+OO 6.531E-01 0.000E+OO 2.814E-02 2.059E-01 0.000E+OO 0.000E+OO 0.000E+OO 4.185E-01 7.506E-01
8.000E+OO 6.780E-01 0.000E+OO 3.811E-02 2.659E-01 0.000E+OO 0.000E+OO 0.000E+OO 3.733E-01 8.684E-01
9.000E+OO 7.062E-01 0.000E+OO 5.928E-02 3.i52E-01 0.000E+OO 0.000E+OO 0.000E+OO 3.309E-01 9.729E-01
1.000E+O1 7.325E-01 0.000E+OO 7.233E-02 3.630E-01 0.000E+OO 0.000E+OO 0.000E+OO 2.964E-01 1.076E+O0
1.1OOE+O1 7.477E-01 0.000E+OO 7.694E-02 4.00IE-01 0.000E+OO 0.000E+OO 0.000E+OO 2.705E-01 1.162E+O0
1.200E+01 7.535E-01 0.000E+OO 8.131E-02 4.264E-01 3.358E-06 0.000E+OO 0.000E+OO 2.500E-01 1.603E+O0
1.300E+01 7.578E-01 0.000E+OO 8.151E-02 4.583E-01 8.491E-04 0.000E+OO 0.000E+OO 2.335E-01 1.577E+O0
1.400E+01 7.616E-01 0.000E+OO 8.493E-02 4.851E-01 4.486E-03 0.000E+OO 0.000E+OO 2.264E-01 1.404E+O0
1.500E+01 7.642E-01 0.000E+OO 8.973E-02 5.3353+01 1.089E-02 0.000E+OO 0.000E+OO 2.093E-01 1.364E+O0
1.600E+01 7.657E-01 0.000E+OO 9.91iE-02 5.&t27E-011.91OE-O2 0.000k+OO 0.000E+OO 2.015E-01 1.294E+O0
1.700E+01 7.666E-01 0.000E+OO 1.162E-01 6.242E-01 2.795E-02 0.000E+OO 0.000E+OO 1.956?3-011.213E+O0
1.800E+01 7.667E-01 0.000E+OO 1.371E-01 6.540E-01 3.673E-02 3.909E-05 0.000E+OO 1.909E-01 1.141E+O0
1.900E+01 7.649E-01 0.000E+OO 1.565E-01 6.751E-01 4.369E-02 2.261E-04 0.000E+OO 1.871E-01 1.095E+O0
2.000E+O1 7.599E-01 0.000E+OO 1.736E-01 6.865E-01 5.102E-O2 5.018E-04 0.000E+OO 1.842E-01 1.046E+O0
2.200E+01 7.444E-01 0.000E+OO .l.967E-016.941E-01 6.377E-02 1.038E-03 0.000E+OO 1.731E-01 1.021E+O0
2.400E+01 7.283E-01 0.000E+OO 2.139E-01 7.077E-01 7.034E-02 1.491E-03 0.000E+OO 1.613E-01 1.030E+O0
2.600E+01 7.126E-01 0.000E+OO 2.241E-01 7.226E-01 7.965E-02 1.982E-03 0.000E+OO 1.455E-01 1.029E+O0
2.800E+01 6.986E-01 0.000E+OO 2.300E-01 7.313E-01 8.643E-02 2.409E-03 0.000E+OO 1.409E-01 1.019E+O0
3.000E+O1 6.859E-01 0.000E+OO 2.422E-01 7.445E-01 9.262E-02 3.135E-03 0.000E+OO 1.261E-01 1.002E+O0
3.500E+01 6.554E-0,10.000E+OO 2.799E-01 7.585E-01 9.769E-02 5.221E-03 0.000E+OO 1.129E-01 9.487E-01
4.000E+O1 6.262E-01 0.000E+OO 3.163E-01 7.515E-01 9.713E-02 6.974E-03 0.000E+OO 1.096E-01 9.147E-01
4.500E+01 5.992E-01 0.000E+OO 3.452E-01 7.505E-01 9.618E-02 8.260E-03 0.000E+OO 1.121E-01 8.632E-01
5.000E+O1 5.748E-01 0.000E+OO 3.714E-01 7.476E-01 9.334E-02 1.154E-02 0.000E+OO 1.228E-01 8.303E-01
5.500E+01 5.440E-01 0.000E+OO 3.84,1E-017.376E-01 8.943E-02 1.245E-02 0.000E+OO 1.276E-01 7.941E-01
6.000E+O1 5.150E-01 0.000E+OO 3.940E-01 7.286E-01 8.735E-02 1.295E-02 0.000E+OO 1.322E-01 7.403E-01
6.500E+01 4.970E-01 0.000E+OO 4.122E-01 7.281E-01 8.634E-02 1.351E-02 0.000E+OO 1.389E-01 7.146E-01
7.000E+O1 4.796E-01 O.000’E+OO4.216E-01 7.212E-01 8.587E-02 1.163E-02 0.000E+OO 1.409E-01 6.672E-01
7.500E+01 4.642E-01 0.000E+OO 4.332E-01 7.265E-01 8.359E-02 1.221E-02 0.000E+OO 1.453E-01 6.425E-01
8.000E+O1 4.539E-01 0.000E+OO 4.472E-01 7.336E-01 8.427E-02 1.283E-02 0.000E+OO 1.511E-01 6.255E-01
8.500E+01 4.448E-01 0.000E+OO 4.633E-01 7.388E-01 8.520E-02 1.356E-02 0.000E+OO 1.575E-01 6.016E-01
9.000E+O1 4.358E-01 0.000E+OO 4.762E-01 7.438E-01 8.490E-02 1.427E-02 0.000E+OO 1.618E-01 5.909E-01
9.500E+01 4.278E-01 0.000E+OO 4.886E-01 7.463E-01 8.656E-02 1.503E-02 0.000E+OO 1.646E-01 5.707E-01
1.000E+02 4.207E-01 0.000E+OO 4.9’90E-O’17.543E-01 8.584E-02 1.587E-02 0.000E+OO 1.679E-01 5.545E-01
I.1OOE+O2 4.090E-01 0.000E+OO 5.171E-01 7.654E-01 8.863E-02 1.760E-02 0.000E+OO 1.720E-01 5.328E-01

J 1.200E+02 4.006E-01 0.000E+OO 5.3,46E-017.697E-01 8.917E-02 1.778E-02 0.000E+OO 1.723E-01 5.193E-01
1.300E+02 3.985E-01 0.000E+OO 5.584E-01 7.9~2E-01 9.217E-02 2.008E-02 0.000E+OO 1.776Z-01 5.036E-01
1.400E+02 3.985E-01 0.000E+OO 5.842E-01 8.160E-01 9.623E-02 2.258E-02 0.000E+OO 1.829E-01 4.951E-01
1.500E+02 3.991E-01 0.000E+OO 6.096E-01 8.378E-01 9.999E-02 2.508E-02 0.000E+OO 1.870E-01 4.898E-01

13027 = TARGET 1000Z+A (if A=O then elemental)
1001 = PROJECTILE 1000Z+A
Aver. lab emission energies for A<5 ejectiles in MeV:
Energy neutron proton deuteron triton helium3 alpha ganssa

1.000E+OO 0.000E+OO 1.297E-03 0.000E+OO 0.000E+OO 0.000E+OO 5.188E-03 5.000E-12
2.000E+OO 0.000E+OO 9.775E-01 0.000E+OO 0.000E+OO 0.000E+OO 2.942E+O0 1.762E+O0
3.000E+OO 0.000E+OO 1.135E+O0 0.000E+OO 0.000E+OO 0.000E+OO 3.479E+O0 1.314E+O0
4.000E+OO 0.000E+OO 1.720E+O0 0.00QE+QO 0.000E+OO 0.000E+OO 4.133E+O0 1.304E+O0
5.000E+OO 0.000E+OO 2.603E+O0 0.000E+OO 0.000E+OO 0.000E+OO 4.677E+O0 1.426E+O0
6.000E+OO 1.885E-01 3.415E+00 0.000E+OO 0.000E+OO 0.000E+OO 5.120E+O0 1.654E+O0
7.000E+OO 1.004E+O0 4.045E+O0 0.000E+OO 0.000E+OO 0.000E+OO 5.427E+O0 1.900E+O0
8.000E+OO 1.628E+O0 4.498E+O0 0.000E+OO 0.000E+OO 0.000E+OO 5.734E+O0 2.137E+O0
9.000E+OO 1.759E+O0 4.870E+O0 0.000E+OO 0.000E+OO 0.000E+OO 6.076E+O0 2.383E+O0
1.000E+O1 2.272E+O0 5.240E+O0 0.000E+OO 0.000E+OO 0.000E+OO 6.275E+O0 2.634E+O0
1.1OOE+O1 2.601E+O0 5.555E+00 0.000E+OO 0.000E+OO 0.000E+OO 6.534E+O0 2.850E+O0
i;ZOOE+Ol”2-.899E+O05.874E+O0 7.261E-01 O.OI)OE+OOO.(J(J(JE+OO6.729E+O0 2.654s+00
1.300E+01 3.254E+O0 6.135E+O0 1.547E+O0 0.000E+OO 0.000E+OO 6.924E+O0 2.872E+O0
1.400E+01 3.441E+O0 6.279E+O0 2.284E+O0 0.000E+OO 0.000E+OO 7.012E+O0 3.284E+O0
1.500E+01 3.633E+O0 6.375E+O0 2.921E+O0 0.000E+OO 0.000E+OO 7.121E+O0 3.354E+O0
1.600E+01 3.661E+O0 6.403E+O0 3.455E+O0 0.000E+OO 0.000E+OO 7.093E+O0 3.329E+O0
1.700E+01 3.537E+O0 6.501E+O0 4.046E+O0 0.000E+OO 0.000E+OO 7.027E+O0 3.229E+O0
1.800E+01 3.444E+O0 6.706E+OQ 4.602E+O0 1.406E+O0 0.000E+OO 6.999E+O0 3.064E+O0
L,9QQEtQL 3,481E+O06,959E+O05,136EtO0 L,984EtO00,000E+OO6,974E+O0 2,899E+O0
2.000E+O1 3.51OE+OO 7.201E+O0 5.647E+O0 2.713E+O0 0.000E+OO 7.029E+O0 2.789E+O0
2.200E+01 3.881E+O0 7.830E+O0 6.873E+O0 3.650E+O0 0.000E+OO 7.183E+O0 2.479E+O0
2.400E+01 4.386E+O0 8.404E+O0 7.967E+O0 4.350E+O0 0.000E+OO 7.461E+O0 2.360E+O0
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2.600E+01 4.930E+O0 8.950E+O0 9.168E+O0 5.078E+O0 0.000E+OO 7.700E+O0 2.301E+O0
2?.800E+015.504E+O0 9.496E+O0 1.033E+01 5.760E+O0 0.000E+OO 7.974E+O0 2.277E+O0
3.000E+O1 5.932E+O0 1.004E+01 1.152E+01 6.338E+O0 0.000E+OO 8.336E+O0 2.253E+O0
3.500E+01 6.933E+o0 1.118E+01 1.451E+01 7.664E+O0 0.000E+OO 8.7Z1E+O0 2.183E+O0
4.000E+O1 7.849E+O0 1.256E+01 1.782E+01 8.970E+O0 0.000E+,O,O8.838E+O0 2.173E+O0
4.500E+01 8.675E+O0 1.365E+01 2.118E+01 1.015E+0’10.000E+OO 8.896E+O0 2.144E+O0
5.000E+O1 9.317E+O0 1.471E+01 2.407E+01 1.029E+01 0.000E+OO 8.829E+O0 2.127E+O0
5.500E+01 1.008E+01 1.576E+01 2.691E+01 1.131E+01 0.000E+OO 8.807E+O0 2.127E+O0
6.000E+O1 1.0745+01 1.659E+01 2.971E+01 1.223E+01 0.000E+OO 8.822E+O0 2.101E+OO
6;kOOE+Ol 1.136E+01 1.751E+01 3.225E+01 1.302E+01 0.000E+OO 8.824E+O0 2.091E+O0
7.000E+O1 1.217E+01 1.854E+01 3.514E+01 1.463E+01 0.000E+OO 8.861E+O0 2.083E+O0
7.500E+01 1.286E+01 1.935E+01 3.705E+01 1.512E+01 0.000E+OO 8.907E+O0 2.099E+O0
8.000E+O1 1.347E+01 2.012E+01 3.935E+01 1.546E+01 0.000E+OO 8.975E+O0 2.102E+OO
8,500E+01 1.405E+01 2.091E+01 4.143E+01 1.559E+01 0.000E+OO 8.969E+O0 2.091E+O0
9.000E+O1 1.473E+01 2.171E+01 4.294E+01 1.563E+01 0.000E+OO 9.040E+O0 2.126E+O0
9.500E+01 1.538E+Oi 2.240E+01 4.&99E+Ol 1.557E’+010.000E+OO 9.122E+O0 2.103E+OO
1.000E+02 1.611E+01 2.322E+01 4.602E+01 1.549E+01 0.000E+OO 9.225E+O0 2.129E+O0
1.1OOE+O2 1.741E+01 2.$71E+01 4.957E+01 1.514E+01 0.000E+OO 9.396E+O0 2.150E.+00
1.200E+02 1.899E+01 2.670E+01 5.306E+01 1.462E+01 0.000E+OO 9.587E+O0 2.169E+O0
1.300E+02 2.042E+01 2.820E+Oi 5.519E+01 1.413E+01 0.000E+OO 9.790E+O0 2.190E+O0
1.400E+02 2.162E+01 2.978E+01 5.758E+01 1.365E+01 0.000E+OO 9.955E+O0 2.203E+O0
1.500E+02 2.291E+01 3.135E+01 5.927E+01 1.328E+01 0.000E+OO 1.014E+01 2.212E+O0
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EVALUATION OF p + 28Si CROSS SECTIONS FOR THE ENERGY
RANGE 1 to 150 MeV

M. B. Chadwick and P. G. Young
1 July 1997

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
proton energy range from I,to 150 MeV. The evaluation utilizes
MF=6, MT=5 to represent all reaction data. Production cross
sections and emiss’ion spectra are given for neutrons, protons,
deuterons, tritons, alpha particles, gamma rays, and all
residual nuclides produced (A>5) in the reaction chains. To
$ummarize,

MF=3’ MT=

MT=

MF=6 MT=

MT=

the E~F sectio,ns with non-zero data above are:

2

5

2

5

Integral of nuclear plus interference components
of the elastic scattering cross section

Sum of binary

Elastic (p,p)
ratios ot the

(p,n’) and (p,x) reactions

angular distributions given as
differential nuclear-Dlus-

interference to the integrated valu~.

Production cross sections and energy-angle
distributions for emission neutrons, protons,
deuterons, and alphas; and angle-integrated
spectra for gamma rays and residual nuclei that
are stable against particle emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
Si28 and p + Si28 reactions (Ch97) . We use the GNASH code system
(Y092) , which utilizes Hauser-Feshbach statistical,
preequilibrium and direct-reaction theories. Spherical optical
model calculations are used to obtain particle transmission
coefficients for the Hauser-Feshbach calculations, as well as
for the elastic proton angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A model was developed to calculate the energy distributions of

~11 recoil nuclei in the GNASH calculations (Ch96) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. All
other data i’n MT=5,MF=6 are given in the center-of-mass system.
This method of representation utilizes the LCT=3 option approved
at the November, 1996, CSEWG meeting.

PreequLl_&ci “urn.c-ections-..wC~<~d<fi-the.a~e-.a~ e..cd.-tke.
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85) , validated by comparison with calculations using Feshbach,
Ke rman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation ‘of Ignatyuk (I,g75) and pairing and shell
parameters from the Cook (C067) analysis. Neutron and charged-
particle transmission coefficients were obtained from the
optical potentials, as discussed below. Gamma-ray transmission



coefficients were ‘calculated..using the Kopecky-Uhl model (Ko.90).

DETAILS OF THE p + S1-28 ANALYSIS

The Madland global medium-energy optical potential (Ma88)
used for neutrons above 46 MeV{ and the Wilmore-Hodgson
potential was use”d for lower neutron energies. The Madland
global medium-energy.optical potential was used for protons
above 28 MeV, and the Beccheti-Greenlees potential was used

was

for
lower proton-energies. In both cases the transition region to
the Madland potential was chosen to approximately give
continuity in the reaction. c_ross_section. For deuterons, the
Perey g-iobai potential was used; for alpha particles the Moyen
potential was used; and for. tritons the Beccheti-Greenlees
potential was used.

While the above optical potentials did describe the
experimental proton nonelastic cross section data fairly well,
we modified the theoretical predictions slightly to better agree
with the measurements, and renormalized the transmission
coefficients accordingly. In addition to using Si nonelastic
proton cross section measurements, we also were guided by p+Al
nonelastic data, scaled by A**2/3.

Coupled-channel optical model calculations were performed to
determine inelastic scattering on 28Si, for the O+, 2+, and 4+
states, as well as a DWBA calculation of the inelastic
scattering to the 3- vibrational state, all performed with the
ECIS code. Near 20 MeV neutron energy, neutron inelastic
scattering to these. states has been measured by Alarcon and
Rapaport, and Finlay et al., from Ohio University, and the
inelastic cross sections to these collective states is in good
agreement with the ORNL ENDF evaluation for 28Si. We performed a
rotational band (O+, 2+, 4+) coupled channel calculation using
the Madland medium energy potential at higher energies and
Beccheti-Greenlees at lower energies (with their imaginary
potentials reduced by 20%, to approximately account for the
coupling) . Deformation parameters were chosen to reproduce the
ENDF/B-VI neutron cross sections at 20 MeV, resulting in values
of beta-2=-O.365/ beta’-4=+O.22, in good agreement with
Rapaport’s values of -0.37, 0.17 respectively. A vibrational
DWBA calculation (using ECIS) was performed for the 3- state
resulting in beta-3=0.235 (Rapaport obtained 0.23) . These same
beta values were used for the proton-inelastic scattering
calculations.

The calculated emission spectra were indirectly benchmarked by
comparing neutron-induced calculations with neutron-induced
data. Only 2 measurements exist for neutron-induced emission
spectra above 20 MeV for 28Si. New data have been published by
the Louvain group at the 1997 Trieste conference for 63 MeV
Si(n,xz) double-differential spectra (z=p,d,a ejectiles) .
Additionally, Haight et al. of Los Alamos have preliminary data
for Si(n,xp), for neutrons up to 50 MeV, including emission
spectra at four angles. Our calculations agree reasonably well
with these measurements. While default level density parameters
(using the Ignatyuk model) were utilized, in the case of 28A1
the level density parameter was slightly modified to optimize
agreement with the Abfalterer ‘total level density measurements
based on fluctuation analyses (Ab93).

As an independent validation of our GNASH calculations using

the exciton model, we have also performed FKK calculations. This
was done by implementing a multistep reaction theory recently



,,”

developed by Koning and Chadwick, which is particularly suited
to the simultaneous calculation of neutron and proton emission.
The FKK theory ”d~scribes the forward-peaking very well, as do
our exciton model calculations using the phenomenological
Kalbach angular distribution. systematic.

*************** **k************ *************** *************** ****
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14028 = TARGET 1000Z+A (if A=O then elanmntal)
1001 = PROJECTILE 1000z+A
Nonelastic, elastic, and Production cross sections for A<5 ejectiles in barns:
Energy nonelas elastic neutron proton deuteron tri.ton helium3 alpha gamma

3.000?3+00 1.7EilE-02 0.000E+OO 0.000E+OO i.751E-02 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 1.751E-02
4.000E+OO 1.813E-01 0.000E+OO 0.000E+OO 1.813E-01 0.0130E+O0 0.000E+OO 0.000E+OO 0.000E+OO 1.813E-01
5.000E+OO 3.639E-01 0.000E+OO 0.000E+OO 3.639E-01 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 3.639E-01
6.000E+OO 4.831E-01 0.000E+OO 0.000E+OO 4.831E-01 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 4.855E-01
7.000E+OO 5.731E-01 0.000E+OO 0.000E+OO 5.731E-01 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 6.268E-01
8.000E+OO 6.603E-01 0.000E+OO 0.000E+OO 6.603E-01 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 8.494E-01
3.000E+OO 7.421E-01 0.000E+OO 0.000E+OO 7.421E-01 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 1.127E+O0
l;OOOE+O1 7.967E-01 0.000E+OO 0.000E+OO 7.966E-01 0.000E+OO 0.000E+OO 0.000E+OO 1.264E-05 1.318E+O0
1.1OOE+O1 8.319E-01 0.000E+OO 0.000E+OO 8.311E-01 0.000E+OO 0.000E+OO 0.000E+OO 7.743E-04 1.452E+O0

1.200E+01 8.507E-01 O.0,00E+OO 0.000E+OO 8.438E-01 0.000E+OO 0.000E+OO 0.000E+OO 6.848E-03 1.556E+O0
1.300E+01 8.632E-01 O.ObOE+OO 0.000E+OO 8.460E-01 0.000E+OO 0.000E+OO 0.000E+OO 1.748E-02 1.651E+O0

1,400E+01 8.723E-01 0.000E+OO 0.000E+OO 8.44&E-01 0.000E+OO 0.000E+OO 0.000E+OO 3.345E-02 1.716E+O0
1;500E+01 8.779E-01 0.000E+OO 0.000E+OO 8:671E-01 0.000E+OO 0,.000E+OO 0.000E+OO 5.230E-02 1.704E+O0
1..6OOE+O1 8.786E-01 0.000E+OO 1.641E-03 9.231E-01 6.56OE-10 0.000E+OO 0.000E+OO 6.989E-02 1.564E+O0
1.700E+01 8.752E-01 0.000E+OO 3.818E-03 9.867E-01 9.884E-05 0.000E+OO 0.000E+OO 8.364E-02 1.383E+O0
1.800E+01 8.689E-01 0.000E+OO 6.367E-03 1.037E+O0 9.545E-04 0.000E+OO 0.000E+OO 9.655E-02 1.222E+O0
l~900E+Ol 8.601E-01 0.000E+OO 7.874E-03 1.092E+O0 2.592E-03 0.000E+OO 0.000E+OO 1.120E-01 1.062E+O0
2.000)3+01 8.501E-01 0.000E+OO 1.130E-02 1.107E+OO 4.799E-03 0.000E+OO 0.000E+OO 1.216E-01 9.622E-01
2.200E+01 8.279E-01 0.000E+OO 2.254E-02 1.108E+OO 1.201E-02 0.000E+OO 0.000E+OO 1.369E-01 8.918E-01
2.400E+01 8.053E-01 0.000E+OO 3.867E-02 1.085E+O0 2.061E-02 2.034E-07 0.000E+OO 1.453E-01 8.829E-01
2.600E+01 7.822E-01 0.000E+OO 5.673E-02 1.050E+O0 2.879E-02 1.175E-05 0.000E+OO 1.470E-01 8.991E-01
2.800E+01 7.502E-01 0.000E+OO 7.h80E-02 1.004E+O0 3.432E-02 5.065E-05 0.000E+OO 1.392E-01 9.149E-01
3.000E+O1 7.240E-01 0.000E+OO 8.655E-02 9.758E-01 4.049E-02 1.166E-04 0.000E+OO 1.342E-01 9.041E-01
3.500E+01 6.860E-01 0.000E+OO 1.256E-01 9.764E-01 4.918E-02 4.319E-04 0.000E+OO 1.344E-01 8.748E-01
4.000E+O1 6.503E-01 0.000E+OO 1.639E-01 9.705E-01 5.773E-02 1.063E-03 0.000E+OO 1.290E-01 8.343E-01
4.500E+01 6.126E-01 0.000E+OO 1.905E-01 9.589E-01 6.005E-02 1.71OE-O3 0.000E+OO 1.239E-01 8.043E-01
5.000E+O1 5.753E-01 0.000E+OO 2.117E-01 9.420E-01 5.956E-02 2.347E-03 0.000E+OO 1.262E-01 7.682E-01
5.500E+01 5.437E-01 0.000E+OO 2.327E-01 9.239E-01 6.103E-O2 2.853E-03 0.000E+OO 1.196E-01 7.313E-01
6.000E+O1 5.171E-01 0.000E+OO 2.522E-01 9.105E-O1 6.084E-02 3.208%03 0.000E+OO 1.166E-01 6.934E-01
6.500E+01 5.007E-01 0.000E+OO 2.768E-01 9.096E-01 6.108E-O2 3.635E-03 0.000E+OO 1.175E-01 6.714E-01
7.000E+O1 4.882E-01 0.000E+OO 2.972E-01 9.161kOl 6.366E-02 4.184E-03 0.000E+OO 1.247E-01 6.442E-01
7.500E+01 4.764E-01 0.000E+OO 3.181E-01 9.268E-01 6.322E-02 4.761E-03 0.000E+OO 1.277E-01 6.240E-01
8.000E+O1 4.656E-01 0.000E+OO 3.3~9E-01 9.29%-01 6.458E-02 5.337E-03 0.000E+OO 1.309E-01 6.112E-01
8.500E+01 4.555E-01 0.000E+OO 3.509E-01 9.287s-01 6.609E-02 5.991E-03 0.000E+OO 1.347E-01 6.123E-01
9.000E+O1 4.464E-01 0.000E+OO 3.670E-01 9.322E-01 6.630E-02 6.574E-03 0.000E+OO 1.360E-01 5.978E-01
9.500E+01 4.383E-01 0.000E+OO 3.800E-01 9.3951&Ol 6.805E-02 7.318E-03 0.000E+OO 1.400E-01 5.733E-01
1.000E+02 4.311E-01 0.000E+OO 3.953E-01 ‘9.506E-01 6.821E-02 8.175E-03 0.000E+OO 1.441E-01 5.542E-01
1.1OOE+O2 4.194E-01 0.000E+OO 4.196E-01 9.589E-01 7.191E-02 9.850E-03 0.000E+OO 1.493E-01 5.352E-01
1.200E+02 4.112E-01 0.000E+OO 4.453E-01 9.756E-01 7.501E-02 1.181E-02 0.000E+OO 1.551E-01 5.207E-01
1.300E+02 4.070E-01 0.000E+OO 4.704E-01 1.004E+O0 7.822E-02 1.395E-02 0.000E+OO 1.604E-01 4.903E-01
1.400E+02 4.068E-01 O.OOOE+OO ’4.955E-01 1.030E+O0 8.302E-02 1.612E-02 0.000E+OO 1.640E-01 4.880E-01
1.500E+02 4.102E-O1 0.000E+OO 5.248E-01 1.066E+O0 8.761E-02 1.858E-02 0.000E+OO 1.689E-01 4.873E-01

14028 = TARGET 1000Z+A (if A.O then elemental)
1001 = PROJECTILE 1000z+A
Aver. lab emission energies for A<5 ejectiles in MeV:
Energy neutron proton deuteron triton helium3 alpha ganmul

3.000E+OO 0.000E+OO 9.689E-01 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 1.750E+O0
4.000E+OO 0.000E+OO 1.936E+O0 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 1.750E+O0
5.000E+OO 0.000E+OO 2.903E+O0 ,0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 1.750E+O0
6.,000E+OO 0.000E+OO 3.858E+O0 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 1.755E+O0
7.000E+OO 0.000E+OO 4.574E+O0 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 1.852E+O0
8.000E+OO 0.000E+OO 4.887E+O0 0.000E+OO 0.000E+OO 0.000q+OO 0.000E+OO 2.075E+O0
9.000E+OO 0.000E+OO 4.740E+O0 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 2.514E+O0
1.000E+O1 0,000E+OO 4.739E+O0 0.000E+OO 0.000E+OO 0.000E+OO 1.623E+O0 2.841E+O0
1.1OOE+O1 0.000E+OO 4.764E+O0 0.000E+OO 0.000E+OO 0.000E+OO 2.505E+O0 3.174E+O0
1.200E+01 0.000E+OO 4.998E+O0 0.000E+OO 0.000E+OO 0.000E+OO 3.222E+O0 3.377E+O0
1.300E+01 0.000E+OO 5.332E+O0 0.000E+OO 0.000E+OO 0.000E+OO 3.916E+O0 3.516E+O0
1.400E+01 0.000E+OO 5.727E+O0 0.000E+OO 0.000E+OO 0.000E+oO 4.069E+O0 3.616E+O0
1.500E+01 0.000E+OO 5.999E+O0 0.00C!E+OO 0.000E+OO.O.OOOE+OO.3.890E+O0 3.657E+O0
1.600E+01 1.784E-01 6.104E+OO 4.409E-01 0.000E+OO 0.000E+OO 3.823E+O0 3.655E+O0
1.700E+01 9.800E-01 6.215E+O0 1.364E+O0 0.000E+OO 0.000E+OO 3.903E+O0 3.611E+O0
1.800E+01 1.416E+O0 6.392E+O0 2.140E+O0 0.000E+OO 0.000E+OO 4.043E+O0 3.509E+O0
1.900E+01 1.686E+O0 6.490E+O0 2.804E+O0 0.000I!+OO 0.000E+OO 3.990E+O0 3.387E+O0
2.000E+O1 2.072E+O0 6.772E+O0 3.lllE+OO 0.000E+OO 0.000E+OO 4.374E+O0 3.384E+O0
2.200E+01 2.561E+O0 7.479E+O0 4.417E+O0 0.000E+OO 0.000E+OO 4.914E+O0 3.113E+O0
2.400E+01 3.037E+O0 8.106E+OO 5.578E+O0 9.749E-01 0.000E+OO 5.306E+O0 2.933E+O0
2.600E+01 3.577E+O0 8.763E+OO” 6.714E+O0 2.713E+O0 0.000E+OO 5.627E+O0 2.848E+O0

2.800E+01 4.162E+O0 9.399E+O0 7.888E+O0 3.473E+O0 0.000E+OO 6.119E+O0 2.853E+O0

3.000E+O1 4.726E+O0 9.988E+O0 9.073E+O0 4.360E+O0 0.000E+OO 6.493E+O0 2.869E+O0
3.500E+01 5.889E+O0 1.073E+01 1.192E+01 6.596E+O0 0.000E+OO 7.135E+O0 2.797E+O0

,,,
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4.000E+O1 7.028E+O0 1.158E+01 1.509E+01 7.613E+O0 0.000E+OO 7.487E+O0 2.573E+O0
4.500E+01 8.162E+O0 1.239E+01 1.813E+01 8.612E+O0 0.000E+OO 7.898E+O0 2.412E+O0
5.000E+O1 9.1333?+00 1.307E+01 2.119E+01 9.517E+O0 0.000E+OO 8.335E+O0 2.330E+O0
5.500E+01 1.O1OE+O1 1.388E+01 2.434E+01 1.051E+01 0.000E+OO 8.632E+O0 2.277E+O0
6.000E+O1 1.095E+01 1.469E+01 2.711E+01 1.141E+01 0.000E+OO 8.937E+O0 2.225E+O0
6.500E+01 1.167E+01 1.550E+01 2.985E+01 1.214E+01 0.000E+OO 9.166E+O0 2.208E+O0
7.000E+O1 1.234E+01 1.604E+01 3.254E+01 1.245E+01 0.000E+OO 9.322E+O0 2.168E+O0
7.500E+01 1.305E+01 1.672E+01 3.455E+01 1.271E+01 0.000E+OO 9.454E+O0 2.151E+O0
S.000E+O1 1.375E+01 1.739E+01 3.686E+01 1.278E+01 0.000E+OO 9.598E+O0 2.115E+O0
8.500Z+01 1.456E+01 1.813E+01 3,.897E+01 1.282E,+01 0.000E+OO 9.724E+O0 2.129E+O0
9.000E+O1 1..54OE+O1 1.886E+01 4.059E+01 1.292E+01 0.000E+OO 9.797E+O0 2.129E+O0
9.500E+01 1.612E+01 1.949E+01 4.i59E+01 1.279E+01 0.000E+OO 9.871E+O0 2.,086E+O0
1.000E+02 1.681E+01 2.O1lE+O1 4.359E+01 1.256E+01 0.000E+OO 9.940E+O0 2..O73E+OO
1.1OOE+O2 1.823E+01 2.144E+01 4.687E+01 1.214E+01 0.000E+OO 1.017E+Ol 2.074E+O0
1.200E+02 1.964E+01 2.268E+01 4.889E+01 1.177E+01 0.000E+OO 1.039E+01 2.104E+OO
1.300E+02 2.101E+O1 2.390E+01 5.059!!+01 1.,145E+01 0.000E+OO 1.059E+01 2.070E+O0
1.400E+02 2.239E+01 2.520E+01 5.296E+01 1.122E+01 0.000E+OO 1.084E+01 2.083E+O0
1.SOOE+02 2.378E+01 2.643E+01 5.419E+01 1.106E+O1 0.000E+OO 1.107E+O1 2.116E+O0
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EVALUATION OF p + 29Si CROSS SECTIONS. FOR THE ENERGY
RANGE 1 to 15CI MeV

M. B. Chadwick and P. G. Young
1 July 1997

This evaluation provides a complete representation of the
nuclear data neede,d,for ,transpbrt, damage, heating,
radioactivity, and shielding applications over the incident
proton energy range from 1 to 150 MeV. The evaluation utilizes
MF=6, MT=5 to represent all reaction data. Production cross
sections and emission spectra are given for neutrons, protons,
deuterons, tritons, alpha particles, gamma rays, and all
residual nuclides produced (A>5) in the reaction chains. To
summarize, the ENDF sections with non-zero’ data above are:

MF=3 MT= 2 Integral of nuclear plus interference components

of the elastic scattering cross section

MT= 5 Sum of binary ,(p,n’) and (p,x) reactions

MF=6 MT= 2 Elastic (p,p) angular distributions given as
II

ratios of the differential nuclear-plus-
interference to the integrated value.

!

MT= 5 Produc’t,ion cross sections and energy-angle

distributions for emission neutrons, protons,

deuterons, and alphas; and angle-integrated

spectra for gamma rays and residual nuclei that

are stable against particle emissionI .

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
Si28 and p + Si28 reactions (Ch97) . We use the GNASH code system
(Y092) , which utilizes Hauser-Feshbach statistical,
preequilibrium and direct-reaction theories. Spherical optical
model calculations are used to obtain particle transmission
coefficients for the Hauser-Feshbach calculations, as well as
for the elastic proton angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A model was developed to calculate the’ energy distributions of

all r.e.c~il.nltifi..tb.~-.<~~t~ (CAQ6J-,-.W.KEKX2 il
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the.lab system. All
other data in MT=5,MF=6 are given in the center-of-mass system.
This method of representation utilizes the LCT=3 option approved
at the November, 1996, CSEWG meeting.

,,,,,,,‘,, Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,



Ka85) , validated by ,cornparison with calculations using Feshbach,
Ke rman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation_ of Ignatyuk (Ig75) and pairing and shell
parameters from the Cook fCo67) analysis. Neutron and charged-
particle transmission coefficients were obtained from the
optical potentials, as discussed below. Gamma-ray transmission
coefficients were calculated using the Kopecky-Uhl model (K090) .

DETAILS OF THE p + S1-29 ANALYSIS

The Madland global medium-energy optical potential (Ma88) was
used for neutrons above 46 MeV, and the Wilmore-Hodgson (Wi64)
potential “was used for lower neutron ‘energies. The Madla”nd
global medium-energy optical potential’” was used for protons
above 28 MeV, and the Beccheti-Greenlees {Be69) potential was
used for lower proton energies. In both cases the transition
region to the ,Madland potential was chosen to approximately give
continuity in the reaction cross sect-ion. For deuterons, the
!2erey global potential was used; for alpha particles the
MacFadden (Ma66) potential was used; and for tritons the
keccheti-Greenlees (Be71) potential was used.

While the above optical potentials did describe the
experimental proton nonelastic cross section data fairly well,
we modified the theoretical predictions slightly to better agree
with the measurements, and renormalized the transmission
coefficients accordingly. In addition to using Si nonelastic
proton cross section me”asurementsj we also were guided by p+Al
nonelastic data, scaled by A**2/3. The Si-29 nonelastic cross
section was taken by scaling the evaluated Si-28 value by
1.02036 (an A**2/3 factor) .

Above 20 MeV, the same proton inelastic cross sections were
used as for n+Si29 (the 3/2+ and 5/2+ levels - this is a
reasonable approximation for energies well above the Coulomb
barrier) - see our n+29Si ENDF file-1 documentation. At lower
energies the 20-MeV cross sections were modified according to
the shape obtained from our coupled-channel calculations for
p+28Si. This approximate treatment is sufficiently accurate for
most applications due to the small relative abundance of 29-Si.

The same preequilibrium input parameters were used as for Si-
28, which was benchmarked, indirectly, by comparing neutron-
induced calculated cross sections against (n,xz) data from the
Louvain group at 63 MeV, and against unpublished (n,xp) data by
Haight et al. for neutrons up to 50 MeV. See our ENDF file-1 for
p+28Si for more details.

***************** ***************** ***************** *************
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14029 = TARGET 1000Z+A (if A.O then el&ontal)
1001 = PROJECTILE 1000Z+A
Nonelastic, elastic, and Production cross sections for A<5 ejectiles in barns:
Energy nonelas elastic neutron proton deuteron triton helium3 alpha g—

‘,,

2.000E+O0 ”l.189i-03’ 0.000E-+00’ 0.000E+OO 1.1891i-03 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 1.189E-03
3.000E+OO 6.729E-02 0.000E+OO 0.00,0E+OO 6:728E,-02 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 6.731E-02
4.000E+OO 3.013E-01 0.000E+OO 0.000E+OO 3.013E-01 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 3.022E-01
5.000E+oo 4.763E-01 0.000E+oo 0.000E+OO 4.762E-01 O..000E+OO 0.000E+OO 0.000E+OO 0.00oE+oo 5.069E-ol
6.000E+OO 6.092E-01 0.000E+OO 1.297E-02 5.962E-01 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 7.288E-01
7.000E+OO 7.106E-O1 0.000E+OO 5.032E-02 6.602E-01 1.144E-07 0.000E+OO 0.000E+OO 1.009E-05 9.289E-01
8.000E+OO 7.869E-01 0.000E+OO 8.188k-02 7.033E-01 1.118E-03 0.000E+OO 0.000E+OO 6.082E-04 1.170E+O0
9.000E+OO 8.351E-01 0.000E+OO 1.113E-01 7.124E-01 4.443E-03 0.000E+OO 0.000E+OO 6.937E-03 1.370E+O0
1.000E+O1 8.625E-01 0.000E+OO 1.216E-01 7.091E-01 9.074E-03 0.000E+OO 0.000E+OO 2.312E-02 1.517E+O0
1.1OOE+O1 8.759E-01 0.000E+OO 1.293E-01 6.997E-01 1.498E-02 0.000E+OO 0.000E+OO 4.387E-02 1.621E+O0
1.200E+01 8.831E-01 0.000E+OO 1.702E-01 6.879E-01 1.994E-02 0.000E+OO 0.000E+OO 6.234E-02 1.639E+O0
1.300E+01 8.904E-01 0.000E+OO 2.305E-01 6.865E-01 2.430E-02 0.000E+OO 0.000E+OO 8.454E-02 1.590E+O0
1.400E+01 8.973E-01 0.000E+OO 2.991E-01 7.012E-01 2.912E-02 0.000E+OO 0.000E+OO 8.984E-02 1.513E+O0
1.500E+01 9.O1lE-01 0.000E+OO 3.624E-01” 7.170E-01 3.512E-02 0.000E+OO 0.000E+OO 8.588E-02 1.431E+O0
1.600E+01 9.009E-01 0.000E+OO 4.094E-01 7’.273E-O1 4.180E-02 0.000E+OO 0.000E+OO 8.295SS-02 1.367E+O0
1.700E+01 8.9673!-01 0.000E+OO 4.49,7E701 7.373E-01 4.889E-02 0.000E+OO 0.000E+OO 7.886E-02 1.294E+O0
1.800E+01 8.900E-01 0.000E+OO 4.69dE-01 7.518E-01 5.498E-02 0.000E+OO 0.000E+OO 7.400E-02 1.241E+O0
1.900E+01 8.806E-01 0.000E+O~ 4.757E-01 ~.644E-01 5.931E-02 6.317E-06 0.000E+OO 7.130E-02 1.203E+O0
2.000E+O1 8.703E-01 0.000E+OO 4.718E-01 7.730E-01 6.252E-02 8.360E-05 0.000E+OO 7.127E-02 1.168E+O0
2.200E+01 8.476E-01 0.000E+OO 4.579E-01 7.819E-01 6.933E-02 3.064E-04 0.000E+OO 7.854E-02 1.158E+O0
2.400E+01 8.244E-01 0,000E+OO 4.405E-01 7.911E-01 7.401E-02 4.949E-04 0.000E+OO 9.036E-02 1.150E+O0
2.600E+01 8.007E-01 0.000E+OO 4.129E-01 8.006E-01 7.623E-02 .5.579E-04 0.000E+OO 1.156E-01 1.098E+O0
2.800E+01 7.680E-01 0.000E+OO 4.050E-01 7.909E-01 7.953E-02 7.764E-04 0.000E+OO 1.200E-01 1.032E+O0
3.000E+O1 7.412E-01 0.000E+OO 4.009E-01 7.857E-01 8.095E-02 9.402E-04 0.000E+OO 1.212E-01 9.800E-01
3.500E+01 7.022E-01 0.000E+OO 4.201E-01 7.854E-01 8.211E-02 1.684E-03 0.000E+OO 1.21OE-O1 9.030E-01
4.000E+O1 6.657E-01 0.000E+OO 4.327E-01 7.871E-01 8.099E-02 2.495E-03 0.000E+OO 1.196E-01 8.609E-01
4.500E+01 6.271E-01 0.000E+OO 4.346E-01 7.91OE-O1 7.666E-02 3.188E-03 0.000E+OO 1.332E-01 8.081E-01
5.000E+O1 5.889E-01 0.000E+OO 4.350E-01 7.879E-01 7.364E-02 3.780E-03 0.000E+OO 1.293E-01 7.642E-01
5.500E+01 5.566E-01 0.000E+OO 4.391E-01 7.821E-01 7.235E-02 4.374E-03 0.000E+OO 1.273E-01 7.325E-01
6.000E+O1 5.293E-01 0.000E+OO 4.460E-01 7.806E-01 7.029E-02 5.012E-03 0.000E+OO 1.363E-01 6.981E-01
6.500E+01 5.125E-01 0.000E+OO 4.606E-01 7.897E-01 6.964E-02 5.615E-03 0.000E+OO 1.372E-01 6.81OE-O1
7.000E+O1 4.998E-01 0.000E+OO 4.757E-01 8.020E-01 7.054E-02 6.271E-03 0.000E+OO 1.403E-01 6.512E-01
7.500E+01 4.877E-01 0.000E+OO 4.904E-01 8.085E-01 7.129E-02 6.940E-03 0.000E+OO 1.443E-01 6.392E-01
8.000E+O1 4.766E-01 0.000E+OO 5.049E-01 8.156E-01 7.229E-02 7.824E-03 0.000E+OO 1.532E-01 6.169E-01
8.500E+01 4.663E-01 0.000E+OO 5.193E-01 8.262E-01 7.098E-02 8.639E-03 0.000E+OO 1.566E-01 6.051E-01
9.000E+O1 4.569E-01 0.000E+OO 5.316E-01 8.354E-01 7.087E-02 9.514E-03 0.000E+OO 1.613E-01 5.906E-01
9.500E+01 4.487E-01 0.000E+OO 5.442E-01 8.425E-01 7.238E-02 1.047E-02 0.000E+OO 1.646E-01 5.735E-01
1.000E+02 4.413E-01 0.000E+OO 5.488,E-01 8.428E-01 7.336E-02 1.086E-02 0.000E+OO 1.611E-01 5.625E-01
1.1OOE+O2 4.293E-01 0.000E+OO 5.684E-01 8.511E-01 7.630E-02 1.290E-02 0.000E+OO 1.679E-01 5.383E-01
1.200E+02 4.21OE-O1 0.000E+OO 5.925E-01 8.744E-01 7.701E-02 1.522E-02 0.000E+OO 1.749E-01 5.222E-01
1.300E+02 4.166E-01 0.000E+OO 6.175E-01 8.969&Ol 8.101E-O2 1.764E-02 0.000E+OO 1.797E-01 5.063E-01
1.400E+02 i.164E-01 0.000E+OO 6.445E-01 9.202E-01 8.554E-02 2.033E-02 0.000E+OO 1.851E-01 4.961E-01
1.500E+02 4.200E-01 0.000E+OO 6.771E-01 9.608E-01 8.826E-02 2.330E-02 0.000E+OO 1.920E-01 4.949E-01

14029 = TARGET 1000Z+A (if A=O then elemental)
1001 = PROJECTILE 1000Z+A
Aver. lab emission energies for A<5 ejectilas in MeV:
Energy neutron proton deuteron triton helium3 alpha gamma

2.000E+OO 0.000E+OO 2.260E-03 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 5.000E-12
3.000E+OO 0.000E+OO 1.645E+O0 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 1.292E+O0
4.000E+OO 0.000E+OO 2.239E+O0 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 1.452E+O0
5.000E+OO 0.000E+OO 2.918E+O0 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 1.675E+O0
6.000E+OO 4.179E-02 3.546E+O0 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 1.713E+O0
7.000E+OO 9.335E-01 4.102E+OO 4.320E-01 0.000E+OO 0.000E+OO 1.518E+O0 1.791E+O0
8.000E+OO 1.144E+O0 4.482E+O0 1.353E+O0 0.000E+OO 0.000E+OO 2.414E+O0 1.907E+O0
9.000E+OO 1.508E+O0 4.822E+O0 2.261E+O0 0.000E+OO 0.000E+OO 3.220E+O0 2.024E+O0
1.000E+O1 1.975E+O0 5.225E+O0 2.798E+O0 0.000E+OO 0.000E+OO 3.869E+O0 2.127E+O0
1.1OOE+O1 2.215E+O0 5.525E+O0 3.160E+O0 0.000E+OO 0.000E+OO 4.407E+O0 2.226E+O0
1.200E+01 2.013E+O0 5.869E+O0 3.774E+O0 0.000E+OO 0.000E+OO 4.769E+O0 2.239E+O0
Z.300E+01 1.8.52EMHl 6.130?!90 4.30W.+W 0.00Qz+OQ O.OQOE+OO 5:11OE+OO 2.203E+O0
1.400E+01 1.803E+O0 6.374E+O0 4.693E+O0 0.000E+OO 0.000E+OO 5.518E+O0 2.177E+O0
1.500E+01 1.946E+O0 6.665E+O0 5.1OOE+OO 0.000E+OO 0.000E+OO 5.877E+O0 2.165E+O0
1.600E+01 2.166E+O0 6.986E+O0 5.492E+O0 0.000E+OO 0.000E+OO 6.186E+O0 2.175E+O0
1.7”OOE+01 2.387E+O0 7.258E+O0 5.992E+O0 0.000E+OO 0.000E+OO 6.442E+O0 2.176E+O0
1.800E+01 2.622E+O0 7.543E+O0 6.435E+O0 0.000E+OO’ 0.000E+OO 6.626E+O0 2.191E+O0
1.900E+01 2.758E+O0 7.850E+O0 6.995E+O0 1.106E+OO 0.000E+OO 6.701E+O0 2.219E+O0
2.000E+O1 2.971E+O0 8.185E+O0 7.620E+O0 1.777E+O0 0.000E+OO 6.662E+O0 2.391E+O0
2.200E+01 3.4’25E+O0 8.675E+O0 8.653E+O0 3.158E+O0 0.000E+OO 6.574E+O0 2.497E+O0

2.400E+01 3.769E+O0 9.078E+O0 9.784E+O0 4.027E+O0 0.000E+OO 6.548E+O0 2.583E+O0
2.600E+01 4.273E+O0 9.407E+O0 1.093E+01 4.81OE+OO 0.000E+OO 6.667E+O0 2.565E+O0
2.800E+01 4.723E+O0 9.807E+O0 1.208E+01 5.631E+O0 0.000E+OO 6.816E+O0 2.588E+O0

,,
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3.000E+O1 5.115E+O0 1.031E+01 1.324E+01 6.602E+O0 0.000E+OO
3.500E+01 6.201E+O0 1.174E+01 1.653E+01 8.355E+O0 0.000E+OO
4.000E+O1 7.148E+O0 1.284E+01 1.997E+01 9.620E+O0 0.000E+OO
4.500E+01 8.051E+O0 1.347E+01 2.313E+01 1.049E+01 0.000E+OO
5.000E+O1 9.027E+O0 1.443E+01 2.631E+01 1.143E+01 0.000E+OO
5.500E+01 9.820E+o0 1.537E+01 2.936E+01 1.203E+01 0.000E+OO
6.000E+O1 1.052E+01 1.604E+01 3.196E+01 1.227E+01 0.000E+OO
6.500E+01 1.129E+01 1.691E+01 3.455E+01 1.264E+01 0.000E+OO
7.000E+O1 1.199E+01 1.767E+01 3.698E+01 1.280E+01 0.000E+OO
7.500E+01 1.268E+01 1.845E+01 3.933E+01 1.290E+01 0.000E+OO
8.000E+O1 1.329E+01 1.905E+01 4.133E+01 1.274E+01 0.000E+OO
8.500E+01 1.398E+01 1.983E+01 4.284E+01 1.267E+01 0.000E+OO
9.000E+O1 1.467E+01 2.059E+01 4.402E+01 1.250E+01 0.000E+OO
9.500E+01 1.521E+01 2.134E+01 4.587E+01 1.228E+01 0.000E+OO
1.000E+02 1.61OE+O1 2.237E+01 4.831E+01 1.230E+01 0.000E+OO
1.1OOE+O2 1.739E+01 2.385E+01 5.150E+01 1.183E+01 0.000E+OO
1.200E+02 1.864E+01 2.531E+01 5.262E+01 1.i43E+Ol 0.000E+OO
1.300E+02 1.980E+01 2.669E+01 5.520E+01 1.11OE+O1 0.000E+OO
1.400E+02 2.101E+O1 2.81OE+O1 5.740E+01 1.085E+01 0.000E+OO

1.500E+02 2.222E+01 2.954E+01 5.740E+01 1.069E+01 0.000E+OO

7.021E+O0 2.602E+O0
7.429E+O0 2.625E+O0
7.936E+O0 2.674E+O0
8.230E+O0 2.646E+O0
8.329E+O0 2.630E+O0
8.514E+O0 2.608E+O0
8.645E+O0 2.545E+O0
8.723E+O0 2.546E+O0
8.785E+O0 2.491E+O0
8.898E+O0 2.483E+O0
9.029E+O0 2.442E+O0
9.126E+O0 2.452E+O0
9.137E+O0 2.465E+O0
9.171E+O0 2.471E+O0
9.145E+O0 2.480E+O0
9.372E+O0 2.452E+O0
9.520E+O0 2.483E+O0
9.633E+O0 2.51OE+OO
9.880E+O0 2.491E+O0
1.005E+01 2.529E+O0
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EVALUATION OF p + 30Si CROSS SECTIONS FOR THE ENERGY
RANGE 1 to 150 MeV

M. B. Chadwick and P. G. Young
1 July 1997

This evaluation provides a.complete representation of the
nuclear data needed for transport,’ damage, heating,
radioactivity, and shielding applications over the” incident
proton energy range from 1 to.150 MeV. The evaluation utilizes
MF=6, MT=5 to represent all reaction data. Production cross
sections and emission spectra are given for neutrons, protons,
deuterons, tritons, alpha particles, gamma rays, and all
residual nuclides produced (A>5) in the reaction chains. To
summarize, the ENDF sections with non-zero data above are:

MF=3 MT= 2

MT= 5

MF=6 MT= 2

MT= 5

Integral of--nuclear plus interference components

of the elastic scattering cross section

Sum of binary (p,n’) and (p,x) reactions

Elastic (p,p) angular distributions given as

ratios of the differential nuclear-plus-
interference to the integrated value.

Production cross ‘sections and energy-angle

distributions for emission

deuterons, and alphas; and

spectra for gamma rays and

neutrons, protons,

angle-integrated

residual nuclei that

are stable against particle emission

The evaluation is based on nuclear model calculations that
have been benchmarked to. experimental data, especially for n +
Si28 and p + Si28 reactions (Ch97). We use the GNASH code system
(Y092) , which utilizes Hauser-Feshbach statistical,
preequilibrium and direct-reaction theories. Spherical optical
model calculations are used to obtain particle transmission
coefficients for the Hauser-Feshbach calculations, as well as
for the elastic proton angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A, model was developed to calculate the energy distributions of

all recoil nuclei in the GNASH calculations (Ch96) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. All
other data in MT.5,MF.6 are given in the center-of-mass system.
This method of representation utilizes the LCT=3 option approved
at the November, 1996, CSEWG meeting.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77j
Ka85), validated by comparison with calculations using Feshbach,



Kerman, ~oon~n (FKK) theory [Ch931 . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyuk (Ig75) and pairing and shell
parameters from the Cook (C067) analysis. Neutron and charged-
particle transmission coefficients were obtained from the
optical potentials, as discussed below. Gamma-ray transmission
coefficients were calculated using the Kopecky-Uhl model (K090) .

DETAILS OF THE p + S1-30 ANALYSIS

The Madland global medium-energy optical potential (Ma88) was
used for neutrons above 46 MeV, and the Wilmore-Hodgson (Wi64)
potential was used for lower neutron energies. The Madland
global medium-energy optical potential was used for protons
above 28 MeV, and the Beccheti-Greenlees (Be69) potential was
used for lower proton energies. In both cases the transition
region to the Madland potential was chosen to approximately give
continuity in the reaction cross section. For deuterons, the
Perey global potential was used; for alpha particles the
MacFadden (Ma66) potential was used; and for tritons the
Beccheti-Greenlees (Be71) potential was used.

While the above optical potentials did describe the
experimental proton nonelastic cross section data fairly well,
we modified the theoretical predictions slightly to better agree
with the measurements, and renormalized the transmission
coefficients accordingly. In addition to usingSi nonelastic
proton cross section measurements, we also were guided by p+Al
nonelastic data, scaled by A**2/3. The Si-30 nonelastic cross
section was taken by scaling.the evaluated Si-28 value by 1.047
(an A**2/3 factor).
Inelastic scattering to the 2+ (2.24 MeV) and 4+ (5.95 MeV)

states in 30-Si was determined using a coupled-channel ECIS
[Ra72] calculation. To produce continuity in the calculated
inelastic cross sections up to 150 MeV, we performed an oblate
rotational band (O+, 2+, 4+) coupled channel calculation using
the Madland medium energy potential (with its imaginary
potential reduced by 20%, to approximately account-for the
coupling) . Deformation parameters were chosen, in a neutron-
induced calculation, to reproduce the JENDL-3 (neutron-induced)
evaluation at 20 MeV (H.KITAZAWA et al.) . The resulting
deformation parameters (beta-2=-O.33, beta-4=0.20) were close to
those used for Si-28. These same beta values were used for the
proton-inelastic scattering calculations.

The same preequilibrium input parameters were used as for Si-
28, which was benchmarked, indirectly, by comparing neutron-
induced calculated cross sections against (n,xz) data from the
Louvain group at 63 MeV, and against unpublished (n,xp) data by
Haight et al. for neutrons up to 50 MeV. See our ENDF file-1 for
p+28Si for more
details.

**************** **************** **************** ****************
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14030 = TARGET 1000Z+A (if A=O then elemental)
1001 = PROJECTILE 1000z+A
Nonelastic, elastic, and Production cross sections for A<5 ejectiles in barns:
Energy nonelas elastic neutron proton deuteron tritcm helium3 alpha gamma

.—A——
3.000E+OO 2.012E-03 0.000E+OO 0.000E+OO 2.009E-03 0.000E+OO O~OOOE+OO 0.000E+OO 1.385E-06 2.O1lE-03
4.000E+OO 9.716E-02 0.000E+OO 0.000E+OO 9.703E-02 0.000E+OO 0.000E+OO 0.000E+OO 6.689E-05 9.715E-02
5.000E+OO 3.291E-01 0.000E+OO 0.000E+OO 3.267E-01 0.000E+OO 0.000E+OO 0.000E+OO 2.271E-03 3.394E-01
6.000E+OO 6.280E-01 0.000E+OO 2.035E-01 3.953E-01 0.000E+OO 0.000E+OO 0.000E+OO 2.914E-02 5.177E-01

,,,!.

7.000E+OO 7.566E-01 0.000E+OO 2.656E-01 4.116E-01 0.000E+OO 0.000E+OO 0.000E+OO 7.941E-02 7.792E-01
8.000E+OO 8.316E-01 0.000E+OO 2.802E-01 4.331E-01 0.000E+OO 0.000E+OO 0.000E+OO 1.183E-01 1.019E+O0
9.000E+OO 8.728E-01 0.000E+OO 3.138E-01 4.301E-01 0.000E+OO 0.000E+OO 0.000E+OO 1.290E-01 1.227E+O0
1.000E+O1 8.955E-01 0.000E+OO 3.497E-01 4.444E-01 3.222E-04 0.000E+OO 0.000E+OO 1.31OE-O1 1.408E+O0
1.1OOE+O1 9.035E-01 0.000E+OO 3.266E-01 4.41OE-O1 2.484E-03 0.000E+OO 0.000E+OO 1.334E-01 1.531E+O0
1.200E+01 9.077E-01 0.000E+OO 3.245E-01 4.625E-01 6.459E-03 8.653E-06 0.000E+OO 1.272E-01 1.629E+O0
1.300E+01 9.133E-01 0.000E+OO 3.246E-01 5.132E-01 1.269E-02 5.314E-04 0.000E+OO 1.268E-01 1.621E+O0
1.400E+01 9.193E-01 0.000E+OO 3.443E-01 5.748E-01 2.012E-02 1.247E-03 0.000E+OO 1.224E-01 1.538E+O0
1.500E+01 9.227E-01 0.000E+OO 3.888E-01 6.187E-01 2.721E-02 2.246E-03 0.000E+OO 1.155E-01 1.435E+O0
1.600E+01 9.221E-01 0.000E+OO 4.335E-01 6.532E-01 3.401E-02 2.946E-03 0.000E+OO 1.081E-01 1.345E+O0
1.700E+01 9.176E-01 0.000E+OO 4.726E-01 6.809E-01 3.943E-02 2.874E-03 0.000E+OO 1.012E-01 1.280E+O0
1.800E+01 9.106E-O1 0.000E+OO 5.024E-01 7.016E-01 4.502E-02 2.812E-03 0.000E+OO 9.478E-02 1.246E+O0
1.900E+01 9.009E-01 0.000E+OO 5.152E-01 7.189E-01 4.892E-02 2.774E-03 0.000E+OO 8.563E-02 1.235E+O0
2.000E+O1 8.903E-01 0.000E+OO 5.165E-01 7.315E-01 5.057E-02 2.812E-03 0.000E+OO 8.002E-02 1.224E+O0
2.200E+01 8.670E-01 0.000E+OO 5.580E-01 7.194E-01 5.832E-02 3.535E-03 0.000E+OO 7.892?S-02 1.241E+O0
2.400E+01 8.432E-01 0.000E+OO 5.973E-01 6.976E-01 6.402E-02 3.830E-03 0.000E+OO 8.201E-02 1.239E+O0
2.600E+01 8.191E-01 0.000E+OO 6.222E-01 6.680E-01 6.790E-02 4.034E-03 0.000E+OO 1.032E-01 1.194E+O0
2.800E+01 7.855E-01 0.000E+OO 6.366E-01 6.432E-01 7.104E-O2 4.323E-03 0.000E+OO 1.006E-01 1.148E+O0
3.000E+O1 7.581E-01 0.000E+OO 6.442E-01 6.291E-01 7.355E-02 4.668E-03 0.000E+OO 9.902E-02 1.108E+OO
3.500E+01 7.183E-01 0.000E+OO 6.596E-01 6.402E-01 7.420E-02 5.620E-03 0.000E+OO 1.019E-01 1.042E+O0
4.000E+O1 6.809E-01 0.000E+OO 6.574E-01 6.478E-01 7.458E-02 6.319E-03 0.000E+OO 1.201E-01 9.782E-01
4.500E+01 6.414E-01 0.000E+OO 6.665E-01 6.527E-01 7.41OE-O2 6.636E-03 0.000E+OO 1.165E-01 8.944E-01
5.000E+O1 6.024E-01 0.000E+OO 6.721E-01 6.544E-01 7.O1lE-02 6.972E-03 0.000E+OO 1.151E-01 8.406E-01
5.500E+01 5.693E-01 0.000E+OO 6.785E-01 6.559E-01 6.977E-02 7.280E-03 0.000E+OO 1.138E-01 7.906E-01
6.000E+O1 5.414E-01 0.000E+OO 6.899E-01 6.597E-01 6.909E-02 7.953E-03 0.000E+OO 1.203E-01 7.388E-01
6.500E+01 5.243E-01 0.000E+OO 7.053E-01 6.753E-01 6.815E-02 8.595E-03 0.000E+OO 1.228E-01 7.239E-01
7.000E+O1 5.112E-01 0.000E+OO 7.138E-01 6.843E-01 7.1OOE-O2 9.300E-03 0.000E+OO 1.251E-01 6,960E-01
7.500E+01 4.988E-01 0.000E+OO 7.338E-01 7.022E-01 6.992E-02 1.004E-02 0.000E+OO 1.297E-01 6.741E-01
8.000E+O1 4.875E-01 0.000E+OO 7.498E-01 7.165E-01 7.015E-02 1.104E-O2 0.000E+OO 1.383E-01 6.659E-01
8.500=+01 4.770E-01 0.000E+OO 7.658E-01 7.282E-01 7.089E-02 1.194E-02 0.000E+OO 1.417E-01 6.478E-01
9.000E+O1 4.674E-01 0.000E+OO 7.779E-01 7.336E-01 7.226E-02 1.281E-02 0.000E+OO 1.452E-01 6.324E-01
9.500E+01 4.590E-01 0.000E+OO 7.857E-01 7.434E-01 7.389E-02 1.377E-02 0.000E+OO 1.491E-01 6.lllE-01
1.000E+02 4.514E-01 0.000E+OO 7.930E-01 7.502E-01 7.530E-02 1.474E-02 0.000E+OO 1.509E-01 6.033E-01
1.1OOE+O2 4.391E-01 0.000E+OO 8.132E-01 7.697E-01 7.594E-02 1.658E-02 0.000E+OO 1.562E-01 5.842E-01
1.200E+02 4.306E-01 0.000E+OO 8.351E-01 7.837E-01 7.869E-02 1.848E-02 0.000E+OO 1.601E-01 5.628E-01
1.300E+02 4.261E-01 0.000E+OO 8.558E-01 8.059E-01 8.281E-02 2.104E-O2 0.000E+OO 1.653E-01 5.483E-01
1.400E+02 4.259E-01 0.000E+OO 8.917E-01 8.390E-01 8.545E-02 2.389E-02 0.000E+OO 1.728E-01 5.377E-01
1.500E+02 4.295E-01 0.000E+OO 9.312E-01 8.730E-01 9.023E-02 2.701E-02 0.000E+OO 1.792E-01 5.368E-01

14030 = TARGET 1000Z+A (if A=O then elemental)
1001 = PROJECTILE 1000z+A
Aver. lab emission energies for A<5 ejectiles in MeV:
Energy neutron proton deuteron triton helium3 alpha gamma

3.000E+OO 0.000E+OO 3.176E-03 0.000E+OO O.OOOE+OO ”O.OOOE+OO” l.270E-02 5.000E-12
4.000E+OO 0.000E+OO 1.698E+O0 0.000E+OO 0.000E+OO 0.000E+OO 1.268E+O0 2.255E+O0
5.000E+OO 0.000E+OO 2.341E+O0 0.000E+OO 0.000E+OO 0.000E+OO 2.109E+OO 2.252E+O0
6.000E+OO 5.891E-01 2.952E+O0 0.000E+OO 0.000E+OO 0.000E+OO 2.950E+O0 2.132E+O0
7.000E+OO 1.058E+O0 3.499E+O0 0.000E+OO 0.000E+OO 0.000E+OO 3.699E+O0 1.896E+O0
8.000E+OO 1.614E+O0 3.936E+O0 0.000E+OO 0.000E+OO 0.000E+OO 4.307E+O0 1.91OE+OO
9.000E+OO 1.922E+O0 4.431E+O0 0.000E+OO 0.000E+OO 0.000E+OO 4.869E+O0 1.983E+O0
1.000E+O1 2.244E+O0 4.824E+O0 1.158E+O0 0.000E+OO 0.000E+OO 5.299E+O0 2.131E+O0
1.1OOE+O1 2.561E+O0 5.269E+O0 2.004E+O0 0.000E+OO 0.000E+OO 5.660E+O0 2.296E+O0
1.200E+01 2.818E+O0 5.439E+O0 2.643E+O0 8.889E-01 0.000E+OO 5.994E+O0 2.453E+O0
1.300E+01 3.031E+O0 5.393E+O0 3..169E+OO 1.783E+O0 0.000E+OO 6.191E+O0 2.603E+O0
1.400E+01 3.051E+O0 5.389E+O0 3.701E+O0 2.580E+O0 0.000E+OO 6.418E+O0 2.709E+O0
1.500=+01 3.012E+O0 5.504E+O0 4.161E+.00-2-.902E+OO- 0:OOOE+006 -.639E+OO-2 .733E+O0
1.600E+01 2.956E+O0 5.629E+O0 4.723E+O0 3.355E+O0 0.000E+OO 6.819E+O0 2.700E+O0
1.700E+01 3.O1OE+OO 5.839E+O0 5.268E+O0 4.032E+O0 0.000E+OO 7.008E+O0 2.635E+O0
1.800E+01 3.123E+O0 6.081E+O0 5.797E+O0 4.460E+O0 0.000E+OO 7.195E+O0 2.546E+O0
1.900E+01 3.282E+O0 6.584E+O0 6.300E+O0 4.817E+O0 0.000E+OO 7.334E+O0 2.441E+O0
2.000E+O1 3.376E+O0 7.109E+OO 6.839E+O0 5.004E+O0 0.000E+OO 7.529E+O0 2.369E+O0
2.200E+01 3.676E+O0 7.675E+O0 8.015E+O0 5.395E+O0 0.000E+OO 7.635E+O0 2.284E+O0
2.400E+01 3.940E+O0 8.412E+O0 9.172E+O0 6.217E+O0 0.000E+OO 7.601E+O0 2.233E+O0

2,600EtOl4.199EtO09.166E+O01.0331H017.101INOO0.000E+OO7.544E+O02.169E+O0
2.800E+01 4.451E+O0 9.929E+O0 1.158E+01 7.835E+O0 0.000E+OO 7.841E+O0 2.186E+O0
3.000E+O1 4.790E+O0 1.065E+01 1.280E+01 8.619E+O0 0.000E+OO 8.122E+O0 2.208E+O0
3.500E+01 5.604E+O0 1.204E+01 1.577E+01 1.020E+01 0.000E+OO 8.520E+O0 2.270E+O0
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4.000E+O1 6.388E+O0 1.311E+01 1.920E+01
4..5OOE+O1 7.039E+O0 1.427E+01 2.261E+01
5.000E+O1 7.623E+O0 1.537E+01 2.540E+01
.5.500E+01 8.225E+O0 1.634E+01 2.844E+01
6.000E+O1 8.661E+O0 1.711E+01 3.112E+01
6.500E+01 9.212E+O0 1.798E+01 3.333E+01
7.000E+O1 9.892E+O0 1.880E+01 3.613E+01
7.500E+01 1.039E+01 1.957E+01 3.782E+01
8.000E+O1 1.090E+01 2.022E+01 3.923E+01
8.500E+01 1.139E+01 2.098E+01 4.087E+01
9.000E+O1 1.188E+01 2.182E+01 4.277E+01
9.500E+01 1.246E+01 2.251E+01 4.450E+01
1.000E+02 1.303E+01 2.333E+01 4.627E+01
1.1OOE+O2 1.416E+01 2.499E+01 4.823E+01
1.200E+02 1.521E+Oi 2.674E+01 5.108E+O1
1.300E+02 1.632E+01 2.819E+01 5.365E+01
1.400E+02 1.729E+01 2.968E+01 5.41OE+O1
1.500E+02 1.823E+01 3.118E+01 5.564E+01

1.125E+01 0.000E+OO 8.648E+O0
1.250E+01 0.000E+OO 8.877E+O0
1.340E+01 0.000E+OO 9.029E+O0
1.395E+01 0.000E+OO 9.104E+OO
1.395E+01 0.000E+OO 9.187E+O0
1.407E+01 0.000E+OO 9.232E+O0
1.407E+01 0.000E+OO 9.267E+O0
1.402E+01 0.000E+OO 9.293E+O0
1.357E+01 0.000E+OO 9.340E+O0
1.333E+01 0.000E+OO 9.357E+O0
1.309E+01 0.000E+OO 9.391E+O0
1.282E+01 0.000E+OO 9.397E+O0
1.255E+01 0.000E+OO 9.495E+O0
1.213E+01 0.000E+OO 9.564E+O0
1.178E+01 0.000E+OO 9.654E+O0
1.141E+01 0.000E+OO 9.81OE+OO
1.109E+O1 0.000E+OO 9.938E+O0
1.086E+01 0.000E+OO 1.007E+01

2.277E+O0
2.271E+O0
2.288E+O0
2.279E+O0
2.248E+O0
2.248E+O0
2.154E+O0
2.150E+O0
2.150E+O0
2.141E+O0
2.140E+O0
2.124E+O0
2.141E+O0
2.160E+O0
2.168E+O0
2.184E+O0
2.197E+O0
2.220E+O0



p+ 30Siangle-integrated emission spectra



p+ 30SiKalbach preequilibrium ratios
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EVALUATION OF p + 31P CROSS SECTIONS FOR THE ENERGY
WGE 1 to 150 MeV

M. B. Chadwick, and P. G. Young
10 December 1997

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating, radioactivity,
and shielding applications over the incident proton energy range
from 1 to 150 MeV. The evaluation utilizes MF=6, MT=5 to
represent all reaction data. Production cross sections and
emission spectra are given for neutrons, protons, deuterons,
tritons, alpha particles, gamma rays, and all residual nuclides
produced (A>5) in the reaction chains. To summarize, the ENDF
&ections with non-zero data above are:

MF=3 MT=

MT=

MF=6 MT=

MT=

2

5

2

5

Integral of nuclear plus interference components
of the elastic scattering cross section

Sum of binary (pIn’) and (p,x) reactions

Elastic (pfp) angular distributions given as
ratios of the differential nuclear-plus-
interference to the integrated value.

Production cross sections and energy-angle
distributions for emission neutrons, protons,
deuterons, and alphas; and angle-integrated
spectra for gamma rays and residual nuclei that
are stable against particle emission

The evaluation is based on nuclear model calculations that have
been benchmarked to experimental data, especially for n + P31 and
p + P31 reactions (Ch98) . We use the GNASH code system (Y092),
which utilizes Hauser-Feshbach statistical, preequilibrium and
direct-reaction theories. Spherical optical model calculations are
used to obtain particle transmission coefficients for the Hauser-
Feshbach calculations, as well as for the elastic proton angular
distributions .

Cross sections and spectra for producing individual residual
nuclei are included for reactions. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A model was developed to calculate the energy distributions of

all recoil nuclei in the GNASH calculations (Ch96a) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. All
other data in MT=5,MF=6 are given in the center-of-mass system.
This method of representation utilizes the LCT=3 option approved
at ,the November, 1996, CSEWG meeting.

Preequilibrium corrections were performed in the course of the
GNASH calcul~tiu~ys--us&~g%Te-~nsm---m&I ‘c& Kzrl-~- (-Kti7,
Ka85) , validated by comparison with calculations using Feshbach,
Ke rman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear” data sheets were matched to continuum level densities
using the formulation of Ignatyuk et al. (Ig75) and pairing and
shell parameters from the Cook (C067) analysis. Neutron and
charged- particle transmission coefficients were obtained from the
optical potentials, as discussed below. Gamma-ray transmission



coefficients wexe calculated using the Kopecky-Uhl model (Ko90) .

SPECIFIC INFORMATION CONCERNING THE P-31 EVALUATION

For incident neutrons the Wilmore-Hodgson [Wi64] optical
potential was used below 20 MeV and the Madland medium [Ma88]
energy potential was used at higher energies. Above 130 MeV the
reaction cross section, and corresponding transmission
coefficients, were renormalized to agree with the evaluated
reaction cross section of [Ch96b] . For incident protons the
Becchetti-Greenlees [Be69] potential was used below 20 MeV, and
the Madland potential at higher energies. Above 6 MeV the reaction
cross section (and trans. coeff.) was renormalized to values
predicted by the systematic of Wellisch [We96] . The potential of
Lohr (L074) was used for deuterons, and Mcfadden-Satchler (Mc66)
for alpha particles. We followed ref. [Ch96b] in ignoring He-3
emission.

Nuclear level densities wer+”obta’ined using the Ignatyuk model
(Ig75), and low-lying levels were obtained after first determining
the upper limit for which the experimental level information is
complete.

**************** **************** **************** ****************
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15031 = TARGET 1000Z+A (if A=O then elsmental)
1001 = PROJECTILE 1000z+A
Nonelastic, elastic, and Production cross sections for A<5 ejectiles in barns:
Energy nonelas elastic neutron proton deuteron triton helium3 alpha mlmsa

1.000E+OO 2.012E-03 0.000E+OO O.OOOE+OO ’1.230E-07 O.OOOE+OO’ O.OOOE+OO 0.000E+OO 2.012E-03 9.335E-05
1,307E+O0 5.354E-02 0.000E+OO 0.000E+OO 3.273E-06 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO
2.000E+OO 1.802E-01 0.000E+OO 0.000E+OO 1.102E-O5 0.000E+OO 0.000E+OO 0.000E+OO 1.802E-01 8.359E-03
3.000E+OO 3.960E-01 0.000E+OO 0.000E+OO 1.314E-03 0.000E+OO 0.000E+OO 0.000E+OO 3.946E-01 6.159E-02
4.000E+OO 4.517E-01 0.000E+OO 0.000E+OO 7.791E-03 0.000E+OO 0.000E+OO 0.000E+OO 4.438E-01 1.612E-01
5.000E+OO 4.454E-01 0.000E+OO 0.000E+OO 5.818E-02 0.000E+OO 0.000E+OO 0.000E+OO 3.872E-01 2.795E-01
6.000E+OO 4.6.55E-01 0.000E+OO 0.000E+OO 1.487E-01 0.000E+OO 0.000E+OO 0.000E+OO 3.168E-01 4.330E-01
7.000E+OO 5.057E-01 0.000E+OO 1.lllE-02 2.222E-01 0.000E+OO 0.000E+OO 0.000E+OO 2.723E-01 5.865E-01
8.000E+OO 5.467E-01 0.000E+OO 2.019E-02 2.900E-01 0.000E+OO 0.000E+OO 0.000E+OO 2.365E-01 7.504E-01
9.000E+OO 5.849E-01 0.000E+OO 2.944E-02 3.429E-01 0.000E+OO 0.000E+OO 0.000E+OO 2.126E-01 9.048E-01
1.000E+O1 6.196E-01 0.000E+OO 3.847E-02 3.846E-01 0.000E+OO 0.000E+OO 0.000E+OO 2.O1lE-01 1.047E+O0
1.1OOE+O1 6.425E-01 0.000E+OO 5.487E-02 4.269E-01 2.318E-08 0.000E+OO 0.000E+OO 1.948E-01 1.109E+OO
1.200E+01 6.659E-01 0.000E+OO 7.047s-02 4.907E,-01 1.212E-04 0.000E+OO 0.000E+OO 1.922E-01 1.103E+OO
1.300E+01 6.860E-01 0.000E+OO 8.289E-02 5.586E-01 1.552E-03 0.000E+OO 0.000E+OO 1.847E-01 1.084E+O0
1.400E+01 7.035E-01 0.000E+OO 9.350E-02 6.257E-01 4.688E-03 0.000E+OO 0.000E+OO 1.762E-01 1.070E+O0
1.500E+01 7.164E-01 0.000E+OO 1.036E-01 6.932E-01 9.’82OE-O3 0.000E+OO 0.000E+OO 1.686E-01 1.033E+O0
1.600E+OI 7.281E-01 0.000E+OO 1.170E-01 7.525E-01 1.601E-02 0.000E+OO 0.000E+OO 1.659E-01 9.822E-01
1.700E+01 7.381E-01 0.000E+OO 1.322E-01 8.004E-01 2.256E-02 0.000E+OO 0.000E+OO 1.690E-01 9.370E-01
1.800E+01 7.470E-01 0.000E+OO 1.512E-01 8.321E-01 2.945E-02 0.000E+OO 0.000E+OO 1.735E-01 9.174E-01
1.900E+01 7.562E-01 0.000E+OO 1.701E-01 8.554E-01 3.600E-02 0.000E+OO 0.000E+OO 1.787E-01 9.230E-01
2.000E+O1 7,662E-01 0.000E+OO 1.906E-01 8.788E-01 4.074E-02 0.000E+OO 0.000E+OO 1.829E-01 9.259E-01
2.200E+01 7.791E-01 0.000E+OO 2.226E-01 9.162E-01 5.325E-02 0.000E+OO 0.000E+OO 1.897E-01 9.647E-01
2.400E+01 7.914E-01 0.000E+OO 2.483E-01 9.560E-01 6.451E-02 0.000E+OO 0.000E+OO 2.012E-01 1.00IE+OO
2.600E+01 7.984E-01 0.000E+OO 2.826E-01 9.948E-01 7.481E-02 0.000E+OO 0.000E+OO 1.962E-01 1.027E+O0
2.800E+01 7.972E-01 0.000E+OO 3.159E-01 1.023E+O0 8.386E-02 0.000E+OO 0.000E+OO 1.847E-01 1.044E+O0
3.000E+O1 7.946E-01 0.000E+OO 3.51OE-O1 1.047k+O0 9.038E-02 0.000E+OO 0.000E+OO 1.731E-01 1.055E+O0
3.!300E+01 7.731E-01 0.000E+OO 4.139E-01 1.066E+O0 1.003E-01 0.000E+OO 0.000E+OO 1.550E-01 1.066E+O0
4.0001$+01 7.431E-01 0.000E+OO 4.653E-01 1.043E+O0 1.063E-01 0.000E+OO 0.000E+OO 1.501E-01 1.023E+O0
4.500E+01 7.145E-01 O.OCiOE+OO 5.O1OE-O1 1.037E+O0 1.058E-01 0.000E+OO 0.000E+OO 1.472E-01 9.780E-01
5.000E+O1 6.883E-01 0.000E+OO 5.286E-01 1.043E+O0 1.042E-01 0.000E+OO 0.000E+OO 1.484E-01 9.334E-01
5.!500E+01 6.656E-01 0.000E+OO 5.546E-01 1.048E+O0 1.057E-01 0.000E+OO 0.000E+OO 1.517E-01 9.006E-01
6.000E+O1 6.434E-01 0.000E+OO 5.781E-01 1.050E+O0 1.049E-01 0.000E+OO 0.000E+OO 1.547E-01 8.702E-01
6.500E+01 6.212E-01 0.000E+OO 6.036E-01 1.057E+O0 1.018E-01 0.000E+OO 0.000E+OO 1.579E-01 8.332E-01
7.000E+O1 5.993E-01 0.000E+OO 6.185E-01 1.043E+O0 1.020E-01 0.000E+OO 0.000E+OO 1.608E-01 7.984E-01
7.500E+01 5.788E-01 0.000E+OO 6.448E-01 1.052E+O0 9.976E-02 0.000E+OO 0.000E+OO 1.685E-01 7.697E-01
8.000E+O1 5.584E-01 0.000E+OO 6.626E-01 1.048E+O0 9.954E-02 0.000E+OO 0.000E+OO 1.729E-01 7.368E-01
8.500E+01 5.381E-01 0.000E+OO 6.729E-01 1.039E+O0 9.862E-02 0.000E+OO 0.000E+OO 1.750E-01 7.084E-01
9.000E+O1 5.205E-01 0.000E+OO 6.794E-01 1.031E+O0 9.811E-02 0.000E+OO 0.000E+OO 1.784E-01 6.947E-01
9.500E+01 5.040E-01 0.000E+OO 6.854E-01 1.025E+O0 9.694E-02 0.000E+OO 0.000E+OO 1.799E-01 6.756E-01
1.000E+02 4.879E-01 0.000E+OO 6.948E-01 1.013E+O0 9.780E-02 0.000E+OO 0.000E+OO 1.848E-01 6.500E-01
1.1OOE+O2 4.658E-01 0.000E+OO 7.186E-01 1.015E+O0 9.790E-02 0.000E+OO 0.000E+OO 1.923E-01 6.115E-01
1.200E+02 4.534E-01 0.000E+OO 7.453E-01 1.028E+O0 1.009E-01 0.000E+OO 0.000E+OO 2.000E-01 5.912E-01
1.300E+02 4.457E-01 0.000E+OO 7.749E-01 1.045E+O0 1.048E-01 0.000E+OO 0.000E+OO 2.080E-01 5.765E-01
1.400E+02 4.428E-01 0.000E+OO 8.147E-01 1.078E+O0 1.086E-01 0.000E+OO 0.000E+OO 2.176E-01 5.591E-01
1.500E+02 4.406E-01 0.000E+OO 8.475E-01 1.105E+OO 1.137E-01 0.000E+OO 0.000E+OO 2.243E-01 5.495E-01

15031 = TARGET 1000Z+A (if A=O t&en elemental)
1001 = PROJECTILE 1000Z+A
Aver. lab emission energies for A<5 ejectiles in MeV:
Energy neutron proton deutsmon triton halium3 alpha gamma

1.000E+OO 0.000E+OO 9.935E-04 0.000E+OO O.OOOE+OO””O.OOOE+OO 3.974E-03 5.000E-12
1.307E+O0 0.000E+OO 1.299E-03 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO
2.000E+OO 0.000E+OO 7.360E-01 0.000E+OO 0.000E+OO 0.000E+OO 3.262E+O0 1.782E+O0
3.000E+OO 0.000E+OO 1.692E+O0 0.000E+OO 0.000E+OO 0.000E+OO 3.991E+O0 1.745E+O0
4.000E+OO 0.000E+OO 2.301E+O0 0.000E+OO 0.000IE+OO 0.000E+OO 4.593E+O0 1.739E+O0
5.000E+OO 0.000E+OO 2.818E+O0 0.000E+OO 0.000E+OO 0.000E+OO 5.142E+O0 1.778E+O0
6.000E+OO 0.000E+OO 3.160E+O0 0.000E+OO 0.000E+OO 0.000E+OO 5.607E+O0 1.947E+O0
7.000E+OO 4.799E-01 3.458E+O0 0.000E+OO 0.000E+OO 0.000E+OO 6.075E+O0 2.104E+OO
8.000E+OO 9.497E-01 3.787E+O0 0.000E+OO 0.000E+OO 0.000E+OO 6.448E+O0 2.268E+O0

-9.OOQEAOO_l.45ZmOO_4-l4WOO_O.OOQHOO-O.OOQ&QO-O.QQQ&OQ-6.632BOO-2-45QWOO
1.000E+O1 1.824E+O0 4.448E+O0 0.000E+OO 0.000E+OO 0.000E+OO 6.777E+O0 2.627E+O0
1.1OOE+O1 1.898E+O0 4.512E+O0 4.799E-01 0.000E+OO 0.000E+OO 6.892E+O0 2.732E+O0
1.200E+01 2.148E+O0 4.425E+O0 1.381E+O0 0.000E+OO 0.000E+OO 7.051E+O0 2.802E+O0
1.300E+01 2.454E+O0 4.481E+O0 2.137E+O0 0.000E+OO 0.000E+OO 7.248E+O0 2.871E+O0
1.400E+01 2.757E+O0 4.542E+O0 2.774E+O0 0.000E+OO 0.000E+OO 7.422E+O0 2.929E+O0
1.500E+01 3.020E+O0 4.579E+O0 3.423E+O0 0.000E+OO 0.000E+OO 7.61OE+OO 2.935E+O0
1.600E+01 3.189E+O0 4.656E+O0 4.040E+O0 0.000E+OO 0.000E+OO 7.652E+O0 2.91OE+OO
1.700E+01 3.246E+O0 4.765E+O0 4.642E+O0 0.000E+OO 0.000E+OO 7.558E+O0 2.814E+O0

1.800E+01 3.328E+O0 4.898E+O0 5,169E+O0 0.000E+OO 0.000E+OO 7.477E+O0 2.677E+O0
1.900E+01 3.452E+O0 5.027E+O0 5.690E+O0 0.000E+OO O.O’OOE+OO 7.439E+O0 2.538E+O0
2.000E+O1 3.647E+O0 5.248E+O0 6.275E+O0 0.000E+OO 0.000E+OO 7.396E+O0 2.333E+O0
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2.200E+01 3.980E+O0 5.651E+O0 7.336E+O0 0.000E+OO 0.000E+OO
2.400E+01 4.391E+O0 5.948E+O0 8.344E+O0 0.000E+OO 0.000E+OO
2.600E+01 4.683E+O0 6.336E+O0 9.370E+O0 0.000E+OO 0.000E+OO
2.800E+01 4.946E+o0 6.764E+O0 1.040E+01 0.000E+OO 0.000E+OO
3.000E+O1 5.211E+O0 7.194E+O0 1.130E+01 0.000E+OO 0.000E+OO
3..5OOE+O1 5.982E+O0 8.366E+O0 1.401E+01 0.000E+OO 0.000E+OO
4.000E+O1 6.691E+O0 9.703E+O0 1.692E+01 0.000E+OO 0.000E+OO
4.500E+01 7.432E+O0 1.097E+01 1.967E+01 0.000E+OO 0.000E+OO
.5.000E+O1 8.176E+O0 1.201E+01 2.227E+01 0.000E+OO 0.000E+OO
5.500E+01 8.853E+O0 1.300E+01 2.468E+01 0.000B+OO 0.000E+OO
6.000E+O1 9.495E+O0 1.401E+01 2.707E+01 0.000E+OO 0.000E+OO
6.500E+01 1.009E+01 1.487E+01 2.891E+01 0.000E+OO 0.000E+OO
7.000E+O1 1.069E+01 1.581E+01 3.129E+01 0.000E+OO 0.000E+OO
7.500E+01 1.108E+O1 1.645E+01 3.219E+01 0.000E+OO O;OOOE+OO
8.000E+O1 1.159E+01 1.711E+01 3.405E+01 0.000E+OO 0.000E+OO
8.500E+01 1.209E+01 1.784E+01 3.570E+01 O.OOOE+OO 0.000E+OO
9.000E+O1 1.265E+01 1.852E+01 3.723E+01 0.000E+OO 0.000E+OO
9.500E+01 1.322E+01 1.922E+01 3.823E+01 0.000E+OO 0.000E+OO
1.000E+02 1.364E+01 1.989E+01 3.932E+01 0.000E+OO 0.000E+OO
1.1OOE+O2 1.463E+01 2.115E+01 4.125E+01 0.000E+OO 0.000E+OO
1.200E+02 1.567E+01 2.236E+01 4.320E+01 0.000E+OO 0.000E+OO
1.300E+02 1.666E+01 2.364E+01 4.414E+01 0.000E+OO 0.000E+OO
1.400E+02 1.758E+01 2.482E+01 4.485E+01 0.000E+OO 0.000E+OO
1.500E+02 1.853E+01 2.601E+01 4.602E+01 0.000E+OO 0.000E+OO

7.473E+O0 2.208E+O0
7.591E+O0 2.175E+O0
7.868E+O0 2.196E+O0
8.165E+O0 2.209E+O0
8.451E+O0 2.212E+O0
8.806E+O0 2.178E+O0
9.029E+O0 2.148E+O0
9.214E+O0 2.162E+O0
9.349E+O0 2.164E+O0
9.485E+O0 2.179E+O0
9.556E+O0 2.178E+O0
9.640E+O0 2.158E+O0
9.670E+O0 2.101E+OO
9.715E+O0 2.090E+O0
9.777E+O0 2.080E+O0
9.838E+O0 2.064E+O0
9.867E+O0 2.057E+O0
9.946E+O0 2.069E+O0
9.968E+O0 2.058E+O0
1.O1OE+O1 2.054E+O0
1.025E+01 2.056E+O0
1.039E+01 2.086E+O0
1.055E+01 2.096E+O0
1.071E+01 2.108E+OO
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EVALUATION OF p + 40Ca CROSS SECTIONS FOR THE ENERGY
RANGE 1.0 to 150 MeV

M. B. Chadwick and P. G. Young
29 March 1997

This evaluation provides a complete representation of the
nuclear-data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
proton energy range from 1 to 150 MeV. Production cross
sections and emission spectra are given for neutrons, protons,
deuterons, tritons, a~pha particles, gamma rays, and all

residual nuclides produced (A>5) in the reaction chains.
To summarize, the ENDF sections with non-zero data are:

MF=3 MT= 2

MT= 5

MF=6 MT= 2

MT= 5

Integral of nuclear plus interference components
of the elastic scattering cross section

Sum of binary (n,n’) and (n,x) reactions

Elastic angular distributions given as ratios of
the differential nuclear-plus-interference to the
integrated value.

Production cross sections and enerqy-anqle
distributions for emission neutron=; pr~tons,
deuterons, and alphas; and angle-integrated
spectra for gamma rays and residual nuclei that
are stable against particle emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data. We use the GNASH
code system (Y092) , which utilizes Hauser-Feshbach statistical,
preequilibrium and direct-reaction theories. Spherical optical
model calculations are used to obtain particle transmission
coefficients for the Hauser-Feshbach calculations,. as well as
for the elastic neutron angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions that exceed a cross section of
approximately 1 nb at any energy. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A model was developed to calculate the energy distributions of

all recoil nuclei in the GNASH calculations (Ch96a) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. All
other data in MT=5,MF=6 are given in the center-of-mass system.
This method of representation utilizes the LCT=3 option approved
at the November, 1996, CSEWG meeting. .

The starting point for this evaluation was the previous
Livermore (1995) evaluation by Chadwick and Young for neutrons up
to 100 MeV [Ch951, and pro-t-ons-ug- tI–.l.5O-.W-V- ~~ti~ -,-.The..mti_-
additions in the current work were: (1) Extension of the neutron
calculations to higher energies; (2) Inclusion of direct inelastic
scattering to low-lying collective states using ECIS; (3)
inclusion of a renormalization of the calculated results to
circumvent a numerical inaccuracy at higher incident energies

(>150 MeV) which ensure the individual reactions sum to the
evaluated nonelastic cross section; (4) inclusion of A>4 nuclide



production and nuclide energy spectra; (5) inclusion of triton
emission; and (6) utilization of ENDF-6 format.

The neutron total cross section was evaluated from available
experimental data. The evaluation was based primarily on Finlay’s
1993 high-accuracy measurements [Fi93] .

The optical potential of Islam [1s88] specially developed for
n+Ca elastic scattering, was used for neutrons from 20 to 60 MeV,
and above this energy the Madland global potential was used
[Ma88] . The Wilmore-Hodgson potential was used for neutrons below
20 MeV [Wi64] . For incident protons, the Islam neutron potential
was modified to account for proton scattering from 20 to 60 MeV,
and again the Madland global potential was used at higher
energies. The Becchetti-Greenlees potential was used for protons
below 20 MeV [Be69]. For deuterons, tritons and alphas the method
of Watanabe, which uses a modified Perey potential [Pe63] , was
applied at all energi”es [Ma88] .

Direct inelastic scattering to the low-lying collective states
was calculated with the ECIS code. Deformation lengths were taken
from the works of Alarcon and “Rapaport [8] and Honore et al.
[H086], giving: 3- (Ex= 3.736 MeV, delta=l.340), 2+ (Ex=3.904,
delta=O.360) , and 5- (Ex=4.492, delta=O.930) .

While the above optical potentials did describe the experimental
neutron and proton nonelastic cross section data fairly well, we
modified these theoretical predictions slightly to better agree
with the measurements, and renormalized the transmission
coefficients accordingly. The calculated neutron elastic
scattering distributions agree well with experimental data.

Nuclear level densities were taken from the Ignatyuk model
[Ig75] , which includes a washing out of shell effects with
increasing excitation energy, and gamma-ray strength functions
were obtained from the model of Kopecky and Uhl [K090] .

*************** *************** *************** *************** ****
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20040 = TARGET 1000Z+A (if A=O then elemental)
1001 = PROJECTILE 1000Z+A
Nonelastic, elastic, and Production cross sections for A<5 ejectiles in barns:
Energy nonelas elastic neutron proton deuteron triton helium3 alpha g—

5.000E+OO 4.526E-02 0.000E+OO 0.000E+OO 4.526E-02 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 4.534E-02 “ “
6.000E+OO 1.652E-01 0.000E+OO 0.000E+OO 1.652E-01 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 1.801E-01
7.000E+OO 3.817E-01 0.000E+OO 0.000E+OO 3.816E-01 0.000E+OO 0.000E+OO 0.000E+OO 5.804E-10 4.549E-01
8.000E+OO 5.280E-01 0.000E+OO 0.000E+OO 5.280E-01 0.000E+OO 0.000E+OO 0.000E+OO 1.662E-06 7.208E-01
9.000E+OO 6.318E-01 0.000E+OO 0.000E+OO 6.317E-01 0.000E+OO 0.000E+OO 0.000E+OO 8.038E-05 1.016E+O0
1.000E+O1 7.031E-01 0.000E+OO 0.000E+OO 7.012E-01 0.000E+OO 0.000E+OO 0.000E+OO 1.893E-03 1.274E+O0
1.1OOE+O1 7.494E-01 0.000E+OO 0.000E+OO 7.479E-01 0.000E+OO 0.000E+OO 0.000E+OO 5.635E-03 1.467E+O0
1.200E+01 7.827E-01 0.000E+OO 0.000E+OO 8.135E-01 0.000E+OO 0.000E+OO 0.000E+OO 1.043E-02 1.551E+O0
1.300E+01 8.079E-01 0.000E+OO 0.000E+OO 9.365E-01 0.000E+OO 0.000E+OO 0.000E+OO 1.429E-02 1.450E+O0
1.400E+01 8.279E-01 0.000E+OO 0.000E+OO 1.085E+O0 0.000E+OO 0.000E+OO 0.000E+OO 1.722E-02 1.243E+O0
1.500E+01 8.384E-01 0.000E+OO 0.000E+OO 1.217E+O0 4.674E-07 0.000E+OO 0.000E+OO 2.438E-02 1.003E+O0
1.600E+01 8.41OE-O1 0.000E+OO 5.548E-04 1.293E+O0 2.431E-05 0.000E+OO 0.000E+OO 3.553E-02 8.379E-01
1.700E+01 8.423E-01 0.000E+OO 1.626E-03 1.338E+O0 2.992E-04 0.000E+OO 0.000E+OO 5.113E-02 7.494E-01
1.800E+01 8.425E-01 0.000E+OO 3.566E-03 1.363E+O0 1.219E-03 0.000E+OO 0.000E+OO 6.837E-02 7.326E-01
1.900E+01 8.412E-01 0.000E+OO 6.692E-03 1.375E+O0 2.941E-03 0.000E+OO 0.000E+OO 8.224E-02 7.725E-01
2.000E+O1 8.429E-01 0.000E+OO 1.117E-02 1.386E+O0 5.302E-03 0.000E+OO 0.000E+OO 9.228E-02 8.234E-01
2.200E+01 8.579E-01 0.000E+OO 2.352E-02 1.408E+O0 1.200E-02 1.316E-10 0.000E+OO 1.065E-01 1.015E+O0
2.400E+01 8.733E-01 0.000E+OO 3.707E-02 1.441E+O0 1.869E-02 7.048E-07 0.000E+OO 1.168E-01 1.204E+O0
2.600E+01 8.870E-01 0.000E+OO 5.431E-02 1.494E+O0 2.611E-02 1.038E-05 0.000E+OO 1.245E-01 1.273E+O0
2.800E+01 8.902E-01 0.000E+OO 7.415E-02 1.545E+O0 3.298E-02 4.761E-05 0.000E+OO 1.324E-01 1.247E+O0
3.000E+O1 8.800E-01 0.000E+OO 9.578E-02 1.571E+O0 3.894E-02 1.211E-04 0.000E+OO 1.390E-01 1.171E+O0
3.500E+01 8.459E-01 0.000E+OO 1.525E-01 1.582E+O0 4.765E-02 3.917E-04 0.000E+OO 1.463E-01 1.089E+O0
4.000E+O1 8.120E-01 0.000E+OO 2.018E-01 1.562E+O0 5.456E-02 7.017E-04 0.000E+OO 1.407E-01 1.065E+O0
4.500E+01 7.820E-01 0.000E+OO 2.496E-01 1.551E+O0 5.727E-02 1.007E-03 0.000E+OO 1.384E-01 1.00IE+OO
5.000E+O1 7.550E-01 0.000E+OO 2.935E-01 1.549E+O0 5.860E-02 1.264E-03 0.000E+OO 1.390E-01 9.657E-01
5.500E+01 7.280E-01 0.000E+OO 3.339E-01 1.549E+O0 5.754E-02 1.540E-03 0.000E+OO 1.426E-01 9.282E-01
6.000E+O1 7.060E-01 0.000E+OO 3.704E-01 1.555Z+O0 5.771E-02 1.801E-03 0.000E+OO 1.478E-01 8.951E-01
6.500E+01 6.847E-01 0.000E+OO 4.080E-01 1.567E+O0 5.739E-02 2.085E-03 0.000E+OO 1.570E-01 8.711E-01
7.000E+O1 6.640E-01 0.000E+OO 4.373E-01 1.569E+O0 5.783E-02 2.357E-03 0.000E+OO 1.622E-01 8.296E-01

7.500E+01 6.461E-01 0.000E+OO 4.692E-01 1.571E+O0 5.750E-02 2.661E-03 0.000E+OO 1.651E-01 8.154E-01
8.000E+O1 6.31OE-O1 0.000E+OO 5.042E-01 1.582E+O0 5.793E-02 2.999E-03 0.000E+OO 1.693E-01 7.897E-01
8.500E+01 6.170E-01 0.000E+OO 5.424E-01 1.603E+O0 5.768E-02 3.459E-03 0.000E+OO 1.772E-01 7.742E-01
9.000E+O1 6.041E-01 0.000E+OO 5.726E-01 1.611E+O0 5.826E-02 3.886E-03 0.000E+OO 1.803E-01 7.570E-01
9.500E+01 5.926E-01 0.000E+OO 6.026E-01 1.622E+O0 5.897E-02 4.364E-03 0.000E+OO 1.839E-01 7.442E-01
1.000E+02 5.830E-01 0.000E+OO 6.321E-01 1.636E+O0 5.979E-02 4.871E-03 0.000E+OO 1.880E-01 7.322E-01
1.1OOE+O2 5.679E-01 0.000E+OO 6.946E-01 1.675E+O0 6.201E-02 6.192E-03 0.000E+OO 1.960E-01 7.140E-01
1.200E+02 5.570E-01 0.000E+OO 7.507E-01 1.708E+O0 6.414E-02 7.594E-03 0.000E+OO 2.018E-01 6.986E-01
1.300E+02 5.486E-01 0.000E+OO 8.088E-01 1.748E+O0 6.654E-02 9.309E-03 0.000E+OO 2.103E-O1 6.876E-01
1.400E+02 5.420E-01 0.000E+OO 8.584E-01 1.785E+O0 6.907E-02 1.104E-O2 0.000E+OO 2.154E-01 6.751E-01
1.500E+02 5.372E-01 0.000E+OO 9.029E-01 1.820E+O0 7.092E-02 1.275E-02 0.000E+OO 2.195E-01 6.594E-01

) .
20040 = TARGET 1000Z+A (if A.O then elemental)
1001 = PROJECTILE 1000Z+A
Aver . lab emission energies for A<5 ejectiles in MeV:
Energy neutron proton deuteron triton heliti alpha gannua

5.000E+OO 0.000E+OO 1.464E+O0 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 3.267E+O0
6.000E+OO 0.000E+OO 2.242E+O0 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 3.196E+O0
7.000E+OO 0.000E+OO 3.061E+O0 0.000E+OO 0.000E+OO 0.000E+OO 1.492E+O0 3.068E+O0
8.000E+OO 0.000E+OO 3.719E+O0 0.000E+OO 0.000E+OO 0.000E+OO 2.277E+O0 2.916E+O0
9.000E+OO 0.000E+OO 4.087E+O0 0.000E+OO 0.000E+OO 0.000E+OO 3.164E+O0 2.823E+O0
1.000E+O1 0.000E+OO 4.433E+O0 0.000E+OO 0.000E+OO 0.000E+OO 4.055E+O0 2.822E+O0
1.1OOE+O1 0.000E+OO 4.726E+O0 0.000E+OO 0.000E+OO 0.000E+OO 4.895E+O0 2.901E+O0
1.200E+01 0.000E+OO 4.822E+O0 0.000E+OO 0.000E+OO 0.000E+OO 5.495E+O0 2.978E+O0
1.300E+01 0.000E+OO 4.669E+O0 0.000E+OO 0.000E+OO 0.000E+OO 6.121E+O0 3.002E+O0
1.400E+01 0.000E+OO 4.568E+O0 0.000E+OO 0.000E+OO 0.000E+OO 6.306E+O0 2.982E+O0
1.500E+01 0.000E+OO 4.558E+O0 1.131E+O0 0.000E+OO 0.000E+OO 5.855E+O0 2.941E+O0
1.600E+01 3.907E-01 4.772E+O0 2.070E+O0 0.000E+OO 0.000E+OO 5.576E+O0 2.872E+O0
1.700E+01 9.662E-01 5.032E+O0 3.057E+O0 0.000E+OO 0.000E+OO 5.592E+O0 2.825E+O0
1.800E+01 1.384E+O0 5.278E+O0 3.844E+O0 0.000E+OO 0.000E+OO 5.782E+O0 2.734E+O0
1.900E+01 1.713E+O0 5.508E+O0 4.282E+O0 0.000E+OO 0.000E+OO 6.043E+O0 2.625E+O0
2.000E+O1 1.932E+O0 5.687E+O0 4.71OE+OO 0.000E+OO 0.000E+OO 6.329E+O0 2.587E+O0
2.200E+01 2.647E+O0 6.193E+O0 5.781E+O0 9.743E-01 0.000E+OO 6.757E+O0 2.529E+O0
2.400E+01 3.328E+O0 6.626E+O0 6.859E+O0 2.745E+O0 0.000E+OO 7.139E+O0 2.528E+O0
2.600E+01 3.851E+O0 6.979E+O0 8.096E+O0 3.864E+O0 0.000E+OO 7.423E+O0 2.547E+O0
2.800E+01 4.366E+O0 7.307E+O0 9.288E+O0 4.783E+O0 0.000E+OO 7.567E+O0 2.566E+O0
3.000E+O1 4.826E+O0 7.644E+O0 1.045E+01 5.805E+O0 0.000E+OO 7.541E+O0 2.545E+O0
3.500E+01 5.959E+O0 8.599E+O0 1.319E+01 8.268E+O0 0.000E+OO 7.878E+O0 2.369E+O0
4.000E+O1 7.217E+O0 9.621E+O0 1.612E+01 1.046E+01 0.000E+OO 8.414E+O0 2.312E+O0

4.500E+01 8.269E+O0 1.056E+01 1.896E+01 1.231E+01 0.000E+OO 8.775E+O0 2.330E+O0

5.000E+O1 9.185E+O0 1.135E+01 2.Z83E+01 1.387E+01 0.000E+OO 9.059E+O0 2.327E+O0
5.500E+01 1.006E+01 1.203E+01 2.421E+01 1.520E+01 0.000E+OO 9.302E+O0 2.322E+O0



pca40.la150 .xsinfo Wed Sep 30 11:32:01 1998 2

6.000E+O1 1.085E+01 1.267E+01 2.667E+01
6.500E+01 1.136E+01 1.318E+01 2.858E+01
7.000E+O1 1.205E+01 1.379E+01 3.077E+01
7.500E+01 1.264E+01 1.442E+01 3.245E+01
8.000E+O1 1.308E+01 1.499E+01 3.426E+01
8.500E+01 1.337E+01 1.542E+01 3.486E+01
9.000E+O1 1.380E+01 1.597E+01 3.622E+01
9.500E+01 1.421E+01 1.651E+01 3.739E+01
1.000E+02 1.462E+01 1.703E+01 3.838E+01
1.1OOE+O2 1.534E+01 1.798E+01 3.921E+01
1.200E+02 1.619E+01 1.906E+01 3.985E+01
1.300E+02 1.696E+01 2.00IE+O1 3.920E+01
1.400E+02 1.782E+01 2.099E+01 3.885E+01
1.500E+02 1.880E+01 2.204E+01 3.796E+01

1.626E+01 0.000E+OO 9.521E+O0 2.326E+O0
1.681E+01 0.000E+OO 9.712E+O0 2.331E+O0
1.729E+01 0.000E+OO 9.861E+O0 2.389E+O0
1.756E+01 0.000E+OO 1.012E+01 2.404E+O0
1.762E+01 0.000E+OO 1.029E+01 2.390E+O0
1.722E+01 0.000E+OO 1.045E+01 2.381E+O0
1.699E+01 0.000E+OO 1.062E+01 2.391E+O0
1.666E+01 0.000E+OO 1.077E+01 2.387E+O0
1.629E+01 0.000E+OO 1.088E+01 2.364E+O0
1.536E+01 0.000E+OO 1.119E+01 2.334E+O0
1.470E+01 0.000E+OO 1.151E+01 2.341E+O0
1.406E+01 0.000E+OO 1.176E+01 2.342E+O0

1.359E+01 0.000E+OO 1.200E+01 2.338E+O0
1.327E+01 0.000E+OO 1.225E+01 2.319E+O0
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EVALUATION OF p + 50Cr CROSS SECTIONS FOR THE ENERGY
RANGE 1 to 150 MeV

S. Chiba, M. B. Chadwick, and P. G. Young
22 October 1997

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
proton energy range from 1 to 150 MeV. The evaluation utilizes
MF=6, MT=5 to represent all reaction data. Production cross
sections and emission spectra are given for neutrons, protons,
deuterons, tritons, alpha particles, gamma rays, and all

residual nuclides produced (A>5) in the reaction chains. To—
summarize, the

MF=3 MT= -2’

MT= 5

MF=6 MT= 2

MT= 5

ENDF sections with non-zero data above are:

Integral of nuclear plus interference components
of the elastic scattering cross section

Sum of binary

Elastic (p,p)
ratios of the

(p,n’) and (p,x) reactions

angular distributions given as
differential nuclear-Dlus-

interference to the integrated valu~.

Production cross sections and energy-angle
distributions for emission neutrons; pr~tons,
deuterons, and alphas; and angle-integrated
spectra for gamma rays and residual nuclei that

are stable against particle emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
Ni58 and p + Ni58 reactions (Ch97) ..We use the GNASH code system
(Y092) , which utilizes Hauser-Feshbach statistical,
preequilibrium and direct-reaction theories. Spherical optical
model calculations are used to obtain particle transmission
coefficients for the Hauser-Feshbach calculations, as well as
for the elastic proton angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A model was developed to calculate the energy distributions of

all recoil nuclei in the GNASH calculations (Ch96) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. All
other data in MT=5,MF.6 are given in the center-of-mass system.
This method of representation utilizes the LCT=3 option approved
at the November, 1996, CSEWG meeting.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85) , validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyuk et al. (Ig75) and pairing and
shell parameters from the Cook (C067) analysis. Neutron and

charged- particle transmission coefficients were obtained from
the optical potentials, as discussed below. Gamma-ray



transmission coefficients were calculated using the Kopecky-Uhl
model (K090) .

SOME Cr-SPECIFIC INFORMATION CONCERNING THE EVAL.

The transmission coefficients calculated for p+ Cr-52 evaluation
were employed for all the p + Cr-50 channels, by multiplying by a
factor of 0.974192, i.e., a ratio of A**(2/3) between Cr-50 and
Cr-52 .

The Cr-52 transmission coefficients were calculated by using
the following potentials:

Neutrons: a newly-searched potential for Cr-52 as described in the
File 1 description of the n + Cr-52 evaluation.

Protons: a combination of 2 potentials was used :

below 40 MeV : Becchetti-Greenlees (Be69)
above 40 MeV : Madland medium energy potential (Ma88)

The proton reaction cross section and transmission coefficients
below 40 MeV were multiplied by a factor of 0.845 to make the
agreement with the measured proton reaction cross section
(Ca96) better, and also to make the connection to higher energy
values smoothly.

For deuterons, the Lohr-Haeberli (L074) global potential was used;
for alpha particles the McFadden-Satchler (Mc66) potential was
used; and for tritons the Becchetti-Greenlees (Be71) potential was
used. The He-3 channel was ignored.

The direct collective inelastic scattering to the following levels
in Cr-52 was considered by the DWBA-mode calculation of ECIS95
(Ra96) :

Jpi Ex(MeV)
2+ 0.786
2-!-2.922
2+ 3.156
4+ 3.317
4+ 3.621
4+ 3.692
4+ 3.898
3- 4.045
2+ 4.188
5- 4.363
3- 4.543
2+ 4.676
2+ 4.772
4+ 4.924
4+ 5.233
3- 6.45
3- 6.65
3- 6.79
3- 7.86

Deformation length
1.063
0.479
0.591
0.4
0.565
0.447
0.214
0.692
0.648
0.565
0.223
0.316
0.316
0.4
0.469
-Cl.2&4
0.360
0.244
0.2

These data were retrieved from the literature (Bu95) .

***************** ***************** ***************** *************
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24050 . T=GET 1000Z+A (if A=O then elemental)
1001 = PROJECTILE 1000z+A
Nonelastic, elastic, and Production cross sections for A<5 ejectiles in barns:
Energy nonelas elastic neutron proton deutercm triton helium3

1.000E+OO 1.999E-”050.000E+OO O.OOOE+OO”l”.441E-”05’O.000E+OO’0.000E+OO 0.000E+OO
2.000E+OO 5.925E-04 0.000E+OO 0.000E+OO 4.272E-04 0.000E+OO 0.000E+OO 0.000E+OO
3.000E+OO 2.415E-02 0.000E+OO 0.000E+OO 2.400E-02 0.000E+OO 0.000E+OO 0.000E+OO
4.000E+OO 1.189E-01 0.000E+OO 0.000E+OO 1.188E-01 0.000E+OO 0.000E+OO 0.000E+OO
5.000E+OO 2.638E-01 0.000E+OO 0.000E+OO 2.635E-01 0.000E+OO 0.000E+OO 0.000E+OO
6.000E+OO 4.073E-01 0.000E+OO 0.000E+OO 4.069E-01 0.000E+OO 0.000E+OO 0.000E+OO
7.000E+OO 5.375E-01 0.000E+OO 0.000E+OO 5.370E-01 0.000E+OO 0.000E+OO 0.000E+OO
8.000E+OO 6.597E-01 0.000E+OO 0.000E+OO 6.588E-01 0.000E+OO 0.000E+OO 0.000E+OO
9.000E+OO 7.553E-01 0.000E+OO 1.552E-02 7.359E-01 0.000E+OO 0.000E+OO 0.000E+OO
1.000E+O1 8.197E-01 0.000E+OO 4.677E-02 7.588E-01 0.000E+OO 0.000E+OO 0.000E+OO
1.1OOE+O1 8.629E-01 0.000E+OO 7.129E-02 7.634E-01 0.000E+OO 0.000E+OO 0.000E+OO
1.200E+01 8.916E-01 0.000E+OO 9.140E-02 7.636E-01 4.318E-09 0.000E+OO 0.000E+OO
1.300E+01 9.156E-01 0.000E+OO 1.031E-01 7.774E-01 1.383E-05 0.000E+OO 0.000E+OO
1.400E+01 9.356E-01 0.000E+OO 1.059E-01 8.264E-01 2.861E-04 0.000E+OO 0.000E+OO
1.500E+01 9.520E-01 0.000E+OO 1.136E-01 9.314E-01 1.227E-03 0.000E+OO 0.000E+OO
1.600E+01 9.652E-01 0.000E+OO 1.220E-01 1.075E+O0 3.061E-03 0.000E+OO 0.000E+OO
1.700E+01 9.750E-01 0.000E+OO 1.401E-01 1.198E+O0 6.042E-03 2.688E-08 0.000E+OO
1.800E+01 9.814E-01 0.000E+OO 1.689E-01 1.273E+O0 9.411E-03 2.087E-06 0.000E+OO
1.900E+01 9.849E-01 0.000E+OO 2.041E-01 1.307E+O0 1.298E-02 1.728E-05 0.000E+OO
2.000E+O1 9.864E-01 0.000E+OO 2.322E-01 1.320E+O0 1.780E-02 4.866E-05 0.000E+OO
2.200E+01 9.851E-01 0.000E+OO 2.724E-01 1.319E+O0 2.630E-02 1.41OE-O4 0.000E+OO
2.400E+01 9.805E-01 0.000E+OO 3.012E-01 1.296E+O0 3.433E-02 3.399E-04 0.000E+OO
2.600E+01 9.733E-01 0.000E+OO 3.269E-01 1.281E+O0 3.896E-02 6.073E-04 0.000E+OO
2.800E+01 9.631E-01 0.000E+OO 3.409E-01 1.298E+O0 4.568E-02 9.003E-04 0.000E+OO
3.000E+O1 9.503E-01 0.000E+OO 3.593E-01 1.324E+O0 5.196E-02 1.205?3-030.000E+OO
3.500E+01 9.078E-01 0.000E+OO 4.135E-01 1.320E+O0 6.289E-02 1.911E-03 0.000E+OO
4.000E+O1 8.865E-01 0.000E+OO 4.562E-01 1.334E+O0 6.978E-02 2.434E-03 0.000E+OO
4.500E+01 8.680E-01 0.000E+OO 4.909E-01 1.365E+O0 7.370E-02 2.825E-03 0.000E+OO
5.000E+O1 8.488E-01 0.000E+OO 5.366E-01 1.411E+O0 7.382E-02 3.098E-03 0.000E+OO
5.500E+01 8.301E-01 0.000E+OO 5.893E-01 1.459E+O0 7.453E-02 3.335E-03 0.000E+OO
6.000E+O1 8.123E-01 0.000E+OO 6.438E-01 1.501E+O0 7.502E-02 3.587E-03 0.000E+OO
6.500E+01 7.953E-01 0.000E+OO 6.984E-01 1.539E+O0 7.527E-02 3.838E-03 0.000E+OO
7.000E+O1 7.791E-01 0.000E+OO 7.433E-01 1.571E+O0 7.464E-02 4.129E-03 0.000E+OO
7.500?s+017.637E-01 0.000E+OO 7.889E-01 1.601E+o0 7.537E-02 4.448E-03 0.000E+OO
8.000E+O1 7.493E-01 0.000E+OO 8.385E-01 1.632E+O0 7.631E-02 4.882E-03 0.000E+OO
8.500E+01 7.358E-01 0.000E+OO 8.837E-01 1.654E+O0 7.717E-02 5.323E-03 0.000E+OO
9.000E+O1 7.233E-01 0.000E+OO 9.229E-01 1.673E+O0 7.815E-02 5.827E-03 0.000E+OO
9.500E+01 7.119E-01 0.000E+OO 9.637E-01 1.695E+O0 7.882E-02 6.493E-03 0.000E+OO
1.000E+02 7.015E-01 0.000E+OO 1.000E+OO 1.713E+O0 7.999E-02 7.147E-03 0.000E+OO
1.1OOE+O2 6.845E-01 0.000E+OO 1.071E+O0 1.748E+O0 8.270E-02 8.661E-03 0.000E+OO

~ 1.200E+02 6.723E-01 0.000E+OO 1.I145E+O01.796E+O0 8.457E-02 1.057E-02 0.000E+OO
1.300E+02 6.654E-01 0.000E+OO 1.202E+O0 1.840E+O0 8.862E-02 1.260E-02 0.000E+OO
1.400E+02 6.638E-01 0.000E+OO 1.254E+O0 1.883E+O0 9.245E-02 1.458E-02 0.000E+OO
1.500E+02 6.691E-01 0.000E+OO 1.311E+O0 1.946E+O0 9.723E-02 1.716E-02 0.000E+OO

24050 = TARGET 1000Z+A (if A.O then elemental)
1001 = PROJECTILE 1000z+A
Aver. lah emission energies for A<5 ejectiles in MeV:
Energy neutron proton deuteron triton helium3 alpha gamne

1.000E+OO O.OOOE+OO ’3.914E-04 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 5.000E-12
2.000E+OO 0.000E+OO 1.226E+O0 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 1.832E+O0
3.000E+OO 0.000E+OO 2.206E+O0 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 7.796E-01
4.000E+OO 0.000E+OO 3.162E+O0 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 7.629E-01
5.000E+OO 0.000E+OO 3.845E+O0 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 7.749E-01
6.000E+OO 0.000E+OO 4.644E+O0 0.000E+OO 0.000E+OO 0.000E+OO 2.202E+O0 8.447E-01
7.000E+OO 0.000E+OO 5.017E+O0 0.000E+OO 0.000E+OO 0.000E+OO 3.113E+O0 1.11OE+OO
8.000E+OO 0.000E+OO 4.991E+O0 0.000E+OO 0.000E+OO 0.000E+OO 3.976E+O0 1.481E+O0
9.000E+OO 2.811E-01 5.028E+O0 0.000E+OO 0.000E+OO 0.000E+OO 4.868E+O0 1.750E+O0
1.000E+O1 9.064E-01 5.212E+O0 0.000E+OO 0.000E+OO 0.000E+OO 5.734E+O0 1.894E+O0
1.1OOE+O1 1.377E+O0 5.454E+O0 0.000E+OO 0.000E+OO 0.000E+OO 6.534E+O0 1.998E+O0
1.2W3E-+61. l;699Ew06–5.673E*06--5:03*E=Gi-6:60GS00-G;OOO~OO-i; iW?iE7+00-2:i3%Ow
1.300E+01 2.029E+O0 5.917E+O0 1.818E+O0 0.000E+OO 0.000E+OO 7.637E+O0 2.226E+O0
1.400E+01 2.252E+O0 6.009E+O0 2.71OE+OO 0.000E+OO 0.000E+OO 7.969E+O0 2.304E+O0
1.500E+01 2.502E+O0 5.784E+O0 3.454E+O0 0.000E+OO 0.000E+OO 8.186E+O0 2.282E+O0
1.600E+01 2.707E+O0 5.580E+O0 4.039E+O0 0.000E+OO 0.000E+OO 8.334E+O0 2.166E+O0
1.700E+01 2.772E+O0 5.553E+O0 4.547E+O0 1.438E+O0 0.000E+OO 8.401E+O0 2.00IE+OO
1.800E+01 2.759E+O0 5.704E+O0 5.231E+O0 2.287E+O0 0.000E+OO 8.504E+O0 1.802E+O0

1.9QOE+012.768E+O05.965E*O05.814E+O03.004EI!IO00.000E+OO8.598E+O01.643E+O0
2.000E+O1 2.995E+O0 6.287E+O0 6.346E+O0 3.693E+O0 0.000E+OO 8.688E+O0 1.622E+O0
2.200E+01 3.375E+O0 6.939E+O0 7.621E+O0 4.571i+O0 0.000E+OO 8.876E+O0 1.573E+O0
2.400E+01 3.846E+O0 7.579E+00 8.906E+O0 5.499E+O0 0.000E+OO 9.103E+OO 1.678E+O0

alpha gamma

0.000E+OO 2.225E-05
0.000E+OO 6.594E-04
0.000E+OO 2.423E-02
0.000E+OO 1.215E-01
0.000E+OO 2.846E-01
4.783E-09 4.929E-01
5.869E-06 7.936E-01
3.198E-04 1.186E+O0
3.314E-03 1.525E+O0
1.352E-02 1.790E+O0
2.774E-02 2.016E+O0
3.603E-02 2.198E+O0
3.736E-02 2.399E+O0
3.654E-02 2.515E+O0
3.493E-02 2.429E+O0
3.337E-02 2.189E+O0
3.167E-02 1.960E+O0
3.123E-02 1.804E+O0
3.147E-02 1.733E+O0
3.233E-02 1.677E+O0
3.617E-02 1.816E+O0
4.129E-02 2.009E+O0
4.674E-02 2.112E+O0
5.025E-02 2.113E+O0
5.196E-02 2.081E+O0
5.023E-02 1.979E+O0
5.090E-02 1.972E+O0
5.167E-02 1.878E+O0
5.789E-02 1.832E+O0
6.875x-02 1.815E+O0
8.101E-O2 1.788E+O0
9.260E-02 1.743E+O0
1.028E-01 1.650E+O0
1.135E-01 1.606E+O0
1.249E-01 1.564E+O0
1.341E-01 1.477E+O0
1.432E-01 1.451E+O0
1.531E-01 1.429E+O0
1.613E-01 1.407E+O0
1.752E-01 1.345E+O0
1.903E-01 1.287E+O0
2.018E-01 1.242E+O0
2.104E-O1 1.192E+O0
2.212E-01 1.187E+O0
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2.600E+01 4.292E+O0 8.129E+O0 9.970E+O0 6.509E+O0 0.000E+OO 9.358E+O0 1,.824E+O0
2.800E+01 4.812E+O0 8.549E+O0 1.112E+01 7.488E+O0 0.000E+OO 9.671E+O0 1.878E+O0
3.000E+O1 5.276E+O0 8.892E+O0 1.228E+01 8.429E+O0 0.000E+OO 1.003E+01 1.853E+O0
3.500E+01 6.268E+0’O1.019E+01 1.531E+01 1.066E+01 0.000E+OO 1.095E+01 1.717E+O0
4.000E+O1 7.465E+O0 1.147E+01 1.844E+01 1.267E+01 0.000E+OO 1.165E+01 1.706E+O0
4.500E+01 8.656E+O0 1.263E+01 2.163E+01 1.479E+01 0.000E+OO 1.226E+01 1.706E+O0
5.000E+O1 9.391E+O0 1.349E+01 2.449E+01 1.667E+01 0.000E+OO 1.240E+01 1.697E+O0
5.500E+01 9.912E+O0 1.405E+01 2.733E+01 1.818E+01 0.000E+OO 1.225E+01 1.709E+O0
6.000E+O1 1.029E+01 1.458E+01 2.990E+01 1.924E+01 0.000E+OO 1.211E+01 1.723E+O0
6.500E+01 1.068E+01 1.512E+01 3.229E+01 2.00IE+O1 0.000E+OO 1.205E+01 1.729E+O0
7.000E+O1 1.115E+01 1.572E+01 3.430E+01 2.055E+01 0.000E+OO 1,.205E+011.775E+O0
7.500E+01 1.156E+01 1.628E+01 3.658E+01 2.077E+01 0.000E+OO 1.205E+01 1.808E+O0
8.000E+O1 1.185E+01 1.676E+01 3.849E+01 2.045E+01 0.000E+OO 1.205E+01 1.818E+O0
8.500E+01 1.221E+01 1.732E+01 4.046E+01 2.015E+01 0.000E+OO 1.209E+01 1.842E+O0
9.000E+O1 1.260E+01 1.789E+01 4.232E+01 1.967E+01 0.000E+OO 1.214E+01 1.838E+O0
9.500E+01 1.294E+01 1.841E+01 4.346E+01 1.890E+01 0.000E+OO 1.218E+01 1.846E+O0
1.000E+02 1.332E+01 1.897E+01 4.498E+01 1.821E+01 0.000E+OO 1.224E+01 1.839E+O0
1.1OOE+O2 1.409E+01 2.O1OE+O1 4.768E+01 1.689E+01 0.000E+OO 1.241E+01 1.850E+O0
1.200E+02 1.485E+01 2.lllE+O1 4.854E+01 1.548E+01 0.000E+OO 1.256E+01 1.873E+O0
1.300E+02 1.580E+01 2.221E+01 5.049E+01 1.419E+01 0.000E+OO 1.276E+01 1.904E+O0
1.400E+02 1.688E+01 2.340E+01 5.262E+01 1.314E+01 0.000E+OO 1.299E+01 1.897E+O0
1.500E+02 1.798E+01 2.456E+01 5.348E+01 1.219E+01 0.000E+OO 1.322E+01 1.875E+O0
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EVALUATION OF p + 52Cr CROSS SECTIONS FOR THE ENERGY
RANGE 1 to 150 MeV

S. Chiba, M. B. Chadwick, and P. G. Young
22 October 1997

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
proton energy range from 1 to 150 MeV. The evaluation utilizes
MF=6 , MT=5 to represent all reaction data. Production cross
sections and emission spectra are given for neutrons, protons,
deuterons, tritons, alpha particles, gamma rays, and all
residual nuclides ~roduced (A>5) in the reaction chains. To
summarize,

MF=3 MT=

MT=

MF=6 MT=

MT=

the END~ sections with non-zero data above are:

2

5

2

5

Integral of nuclear plus interference components
of the elastic scattering cross section

Sum of binary (p,n’) and (p,x) reactions

Elastic (p,p) angular distributions given as
ratios of the differential nuclear-plus-
interference to the integrated value.

Production cross sections and energy-angle
distributions for emission neutrons, protons,
deuterons, and alphas; and angle-integrated
spectra for gamma rays and residual nuclei that
are stable against particle emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
Ni58 and p + Ni58 reactions (Ch97) . We use the GNASH code system
(Y092) , which utilizes Hauser-Feshbach statistical,
preequilibrium and direct-reaction theories. Spherical optical
model calculations are used to obtain particle transmission
coefficients for the Hauser-Feshbach calculations, as well as
for the elastic proton angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A model was developed to calculate the energy distributions of

all recoil nuclei in the GNASH calculations (Ch96) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. All
other data in MT=5,MF=6 are given in the center-of-mass system.
This method of representation utilizes the LCT=3 option approved
at the November, 1996, CSEWG meeting.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85) , validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyuk et al. (Ig75) and pairing and
shell parameters from the OX& (C067) analysis, Neut?wn and
charged- particle transmission coefficients were obtained from
the optical potentials, as discussed below. Gamma-ray



transmission coefficients were calculated using the Kopecky-Uhl
model (K090) .

SOME Cr-SPECIFIC INFORMATION CONCERNING THE EVAL.

The” Cr-52 transmission coefficients were calculated by using the
following OMP potentials and DWBA cross sections:

/
Neutrons: a newly-searched potential for Cr-52 as described in the
File 1 description of the n + Cr-52 evaluation.

Protons: a combination of 2 potentials was used :

below 40 MeV : Becchetti-Greenlees (Be69)
above 40 ?4eV : Madland medium energy potential (Ma88)

The proton reaction cross section and transmission coefficients
below 40 MeV were multiplied by a factor of 0.845 to make the
agreement with the measured proton reaction cross section (Ca96)
better, and also to make the connection to higher energy values
smoothly.

For deuterons, the Lohr-Haeberli (L074) global potential was used;
for alpha particles the McFadden-Satchler (Mc66) potential was
used; and for tritons the Becchetti-Greenlees (Be71) potential was
used. The He-3 channel was ignored.

The direct collective inelastic scattering to the following levels
in Cr-52 was considered by the DWBA-mode calculation of ECIS95
{Ra96) :

Jpi Ex(MeV) Deformation length
2+ 1.434
4+ 2.369
O+ 2.647
4+ 2.768
2+ 2.965
6+ 3.114
2+ 3.162
4+ 3.415
2+ 3.772
4-1-4.040
3- 4.563
4+ 4.630
O+ 4.738
4+ 4.951
4+ 5.095
4+ 5.425
4+ 5.541
2+ 5.661
3- 5.873
3- 5.996
~+ 6-.05%
2+ 6.143
2+ 6.175
2+ 6.493
3- 6.580
3- 6.786

2+ 6.810
5- 6.871

0.87
0.33
0.095
0.30
0.08
0.35
0.27
0.13
0.28
0.16
0.61
0.36
0.145
0.20
0.15
0.32
0.074
0.095
0.082
0.087
(-J.~~-

0.07
0.21
0.21
0.34
0.26

0.22
0.16



3- 6.993
3- 7.080
4+ 7.140
2+ 7.217
4+ 7.278
2+ 7.344
5- 7.376
3- 7.409
3- 7.482
3- 7.585
3- 7.738
3- 7.823
4+ 7.848
4+ 7.893
3- 7.967
2+ 8.022
3- 8.089
3- 8.281
3- 8.457
3- 8.505
3- 8.679
3- 8.782
3- 8.778
3- 9.440

These data

0.18
0.34
0.14
0.10 -
0.13
0.074
0.11
0.0!31
0.13
0.074
0.26
0.12
0.11
0.12
0.095
0.10
0.0!31
0.15
0.13
0.10
0.10
0.10
0.13
0.095

were retrieved from the literature (Ju94) .

**************** *******-k***k**** **************** ****************
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24052 = TARGE1’ 1000Z+A (if A=O then elemental)
1001 = PROJECTILE 1000z+A
Nonelastic, elastic, and Production cross sections for A<5 ejectiles in barns:
Energy nonelas elastic neutron proton deuteron triton helium3 alpha g—

2.000E+OO 4.008E-04’0.000E+O0 0.000E+OO 3.239E-04”0.000E+O0 0.000E+OO 0.000E+OO 0.000E+OO 6.081E-04
3.000E+OO 4.435E-03 0.000E+OO 0.000E+OO 3.584E-03 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 4.796E-03
4.000E+OO 6.783E-02 0.000E+OO 0.000E+OO 6.702E-02 0.000E+OO 0,000E+OO 0.000E+OO 0.000E+OO 6.936E-02
5.000E+OO 2.230E-01 0.000E+OO 0.000E+OO 2.222E-01 0.000E+OO 0.000E+OO 0.000E+OO 1.040E-08 2.580E-01
6.000E+OO 4.270E-01 0.000E+OO 2.714E-02 3.990E-01 0.000E+OO 0.000E+OO 0.000E+OO 2.896E-06 6.130E-01
7.000E+OO 6.227E-01 0.000E+OO 2.414E-01 3.806E-01 0.000E+OO 0.000E+OO 0.000E+OO 1.167E-04 1.068E+O0
8.000E+OO 7.342E-01 0.000E+OO 4.043E-01 3.284E-01 0.000E+OO 0.000E+OO 0.000E+OO 1.048E-03 1.474E+O0
9.000E+OO 8.038E-01 0.000E+OO 4.813E-01 3.172E-01 0.000E+OO 0.000E+OO 0.000E+OO 4.882E-03 1.817E+O0
1.000E+O1 8.540E-01 0.000E+OO 5.11OE-O1 3.300E-01 0.000E+OO 0.000E+OO 0.000E+OO 1.258E-02 2.107E+OO
1.1OOE+O1 8.914E-01 0.000E+OO 5.179E-01 3.521E-01 2.616E-09 0.000E+OO 0.000E+OO 2.096E-02 2.356E+O0
1.200E+01 9.178E-01 0.000E+OO 5.125E-01 3.769E-01 8.272E-06 0.000E+OO 0.000E+OO 2.802E-02 2.570E+O0
1.300E+01 9.411E-01 0.000E+OO 5.034E-01 4.043E-01 1.918E-04 0.000E+OO 0.000E+OO 3.282E-02 2.772E+O0
1.400E+01 9.61OE-O1 0.000E+OO 4.903E-01 4.508E-01 1.047E-03 1.065E-11 0.000E+OO 3.562E-02 2.874E+O0
1.500E+01 9.775E-01 0.000E+OO 4.856E-01 5.503E-01 3.013E-03 3.258E-07 0.000E+OO 3.667E-02 2.761E+O0
1.600E+01 9.909E-01 0.000E+OO 5.080E-01 6.711E-01 6.105E-O3 1.048E-05 0.000E+OO 3.679E-02 2.448E+O0
1.700E+01 1.00IE+OO 0.000E+OO 5.558E-01 7.641E-01 1.002E-02 5.356E-05 0.000E+OO 3.645E-02 2.123E+O0
1.800E+01 1.007E+O0 0.000E+OO 6.167E-01 8.170E-01 1.350E-02 1.193E-04 0.000E+OO 3.596E-02 1.904E+O0
1.900E+01 1.O1lE+OO 0.000E+OO 6.764E-01 8.401E-01 1.770E-02 2.003E-04 0.000E+OO 3.554E-02 1.805E+O0
2.000E+O1 1.012E+O0 0.000E+OO 7.231E-01 8.485E-Oi 2.159E-02 3.184E-04 0.000E+OO 3.526E-02 1.761E+O0
2.200E+01 1.O1lE+OO 0.000E+OO 7.778E-01 8.533E-01 2.972E-02 7.086E-04 0.000E+OO 3.666E-02 1.908E+O0
2.400E+01 1.007E+O0 0.000E+OO 7.956E-01 8.540E-01 3.744E-02 1.157E-03 0.000E+OO 4.274E-02 2.089E+O0
2.600E+01 9.991E-01 0.000E+OO 8.252E-01 8.561E-01 4.445E-02 1.616E-03 0.000E+OO 5.071E-02 2.165E+O0
2.800E+01 9.887E-01 0.000E+OO 8.597E-01 8.840E-01 5.097E-02 2.063E-03 0.000E+OO 5.41OE-O2 2.126E+O0
3.000E+O1 9.755E-01 0.000E+OO 8.849E-01 9.195E-01 5.683E-02 2.402E-03 0.000E+OO 5.587E-02 2.067E+O0
3.500E+01 9.319E-01 0.000E+OO 9.11OE-O1 9.973E-01 6..554E-O23.331E-03 0.000E+OO 5.398E-02 1.937E+O0
4.000E+O1 9.1OOE-O1 0.000E+OO 9.592E-01 1.058E+O0 7.224E-02 3.981E-03 0.000E+OO 5.589E-02 1.905E+O0
4.500E+01 8.91OE-O1 0.000E+OO 1.018E+O0 1.101E+OO 7.590E-02 4.398E-03 0.000E+OO 5.862E-02 1.878E+O0
5.000E+O1 8.712E-01 0.000E+OO 1.080E+O0 1.138E+O0 7.892E-02 4.684E-03 0.000E+OO 6.254E-02 1.845E+O0
5.500E+01 8.521E-01 0.000E+OO 1.149E+O0 1.178E+O0 8.062E-02 4.882E-03 0.000E+OO 6.751E-02 1.809E+O0
6.000E+O1 8.338E-01 0.000E+OO 1.230E+O0 1.230E+O0 8.007E-02 5.197E-03 0.000E+OO 7.815E-02 1.767E+O0
6.500E+01 8.163E-01 0.000E+OO 1.296E+O0 1.270E+O0 8.012E-02 5.545E-03 0.000E+OO 8.81OE-O2 1.733E+O0
7.000E+O1 7.997E-01 0.000E+OO 1.334E+O0 1.31OE+OO 8.130E-02 5.958E-03 0.000E+OO 9.736E-02 1.640E+O0
7.500E+01 7.840E-01 0.000E+OO 1.396E+O0 1.348E+O0 8.032E-02 6.525E-03 0.000E+OO 1.078E-01 1.591E+O0
8.000E+O1 7.691E-01 0.000E+OO 1.445E+O0 1.369E+O0 8.109E-O2 7.088E-03 0.000E+OO 1.173E-01 1.547E+O0
8.500E+01 7.553E-01 0.000E+OO 1.488E+O0 1.392E+O0 8.192E-02 7.734E-03 0.000E+OO 1.262E-01 1.505E+O0
9.000E+O1 7.424E-01 0.000E+OO 1.536E+O0 1.415E+O0 8..312E-O28.571E-03 0.000E+OO 1.362E-01 1.473E+O0
9.500E+01 7.307E-01 0.000E+OO 1.575E+O0 1.432E+O0 8.418E-02 9.388E-03 0.000E+OO 1.444E-01 1.430E+O0
1.000E+02 7.201E-01 0.000E+OO 1.614E+O0 1.450E+O0 8.433E-02 1.030E-02 0.000E+OO 1.522E-01 1.41OE+OO
1.1OOE+O2 7.026E-01 0.000E+OO 1.682E+O0 1.486E+O0 8.711E-02 1.246E-02 0.000E+OO 1.675E-01 1.369E+O0
1.200E+02 6.901E-01 0.000E+OO 1.739E+O0 1.525E+O0 8.972E-02 1.477E-02 0.000E+OO 1.81OE-O1 1.315E+O0
1.300E+02 6.830E-01 0.000E+OO 1.804E+O0 1.565E+O0 9.288E-02 1.752E-02 0.000E+OO 1.941E-01 1.284E+O0
1.400E+02 6.814E-01 0.000E+OO 1.864E+O0 1.607E+O0 9.660E-02 2.007E-02 0.000E+OO 2.047E-01 1.253E+O0
1.500E+02 6.868E-01 0.000E+OO 1.934E+O0 1.664E+O0 1.006E-01 2.308E-02 0.000E+OO 2.161E-01 1.243E+O0

24052 = TARGET 1000Z+A (if A=O then elemental)
1001= PROJECTILE 1000Z+A
Aver. lab emission energies for A<5 ejectiles in MeV:
Energy neutron proton deuteron triton helium3 alpha gamma

2.000E+OO 0.000E+OO 7.249E-04 O.OOOE+OO”O.OOOE+OO 0.000E+OO 0.000E+OO 4.012E+O0
3.000E+OO 0.000E+OO 1.473E+O0 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 2.282E+O0
4.000E+OO 0.000E+OO 2.435E+O0 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 1.549E+O0
5.000E+OO 0.000E+OO 3.244E+O0 0.000E+OO 0.000E+OO 0.000E+OO 2.057E+O0 1.484E+O0
6.000E+OO 1.942E-01 3.767E+O0 0.000E+OO 0.000E+OO 0.000E+OO 2.974E+O0 1.430E+O0
7.000E+OO 6.409E-01 4.195E+O0 0.000E+OO 0.000E+OO 0.000E+OO 3.832E+O0 1.147E+O0
8.000E+OO 1.151E+O0 4.539E+O0 0.000E+OO 0.000E+OO 0.000E+OO 4.712E+O0 1.085E+O0
9.000E+OO 1.609E+O0 4.820E+O0 0.000E+OO 0.000E+OO 0.000E+OO 5.548E+O0 1.170E+O0
1.000E+O1 1.972E+O0 5.101E+OO 0.000E+OO 0.000E+OO 0.000E+OO 6.236E+O0 1.324E+O0
1.1OOE+O1 2.264E+O0 5.353E+O0 8.989E-01 0.000E+OO 0.000E+OO 6.801E+O0 1.493E+O0
1.200E+01 2.502E+O0 5.618E+O0 1.842E+O0 0.000E+OO 0.000E+OO 7.240E+O0 1.677E+O0
1.3J30E+01.2.703PM.00.5.882E+00.2.672E+O0.0.0003MOO_0.OOO&OII 7.603EI.0!IL865E+O0.
1.400E+01 2.840E+O0 5.966E+O0 3.369E+O0 8.595E-01 0.000E+OO 7.887E+O0 2.041E+O0
1.500E+01 2.966E+O0 5.642E+O0 3.971E+O0 1.794E+O0 0.000E+OO 8.121E+O0 2.179E+O0
1.600E+01 2.957E+O0 5.435E+O0 4.609E+O0 2.594E+O0 0.000E+OO 8.319E+O0 2.251E+O0
1.700E+01 2.878E+O0 5.508E+O0 5.227E+O0 3.181E+O0 0.000E+OO 8.492E+O0 2.244E+O0
1.800E+01 2.775E+O0 5.697E+O0 5.852E+O0 3.842E+O0 0.000E+OO 8.655E+O0 2.188E+O0
1.900E+01 2.771E+O0 6.006E+O0 6.486E+O0 4.423E+O0 0.000E+OO 8.814E+O0 2.123E+O0
2.000E+O1 2.876E+O0 6.383E+O0 7.067E+O0 4.748E+O0 0.000E+OO 8.967E+O0 2.040E+O0
2.200E+013.123E+O07.053E+O08.316E+O0S.585E+O00.000E+OO9.163E+O02.088E+O0
2.400E+01 3.442E+O0 7.708E+O0 9.543E+O0 6.583E+O0 0.000E+OO 9.161E+O0 2.147E+O0
2.600E+01 3.685E+O0 8.292E+O0 1.071E+01 7.540E+O0 0.000E+OO 9.231E+O0 2.207E+O0
2.800E+01 3.909E+O0 8.757E+O0 1.188E+01 8.450E+O0 0.000E+OO 9.540E+O0 2.185E+O0
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3.000E+O1 4.170E+O0 9.183E+O0 1.305E+01 9.187E+O0 0.000E+OO
3.500E+01 4.9$2E+O0 1.032E+01 1.595E+01 1.125E+01 0.000E+OO
4.000E+O1 5.655E+O0 1.157E+01 1.908E+01 1.320E+01 0.000E+OO
4.500E+01 6.288E+O0 1.291E+01 2.218E+01 1.512E+01 0.000E+OO
5.000E+O1 6.823E+O0 1.415E+01 2.533E+01 1.695E+01 0.000E+OO
5.500E+01 7.31oE+oO 1.508E+01 2.829E+01 1.847E+01 0.000E+OO
6.000E+O1 7.614E+O0 1.565E+01 3.064E+01 1.934E+01 0.000E+OO
6.500E+01 7.946E+O0 1.628E+01 3.298E+01 1.986E+01 0.000E+OO
7.000E+O1 8.389E+o0 1.686E+01 3.548E+01 2.007E+01 0.000E+OO
7.500E+01 8.687E+O0 1.741E+01 3.703E+01 1.979E+01 0.000E+OO
8.000E+O1 9.018E+O0 1.811E+01 3.911E+01 1.949E+01 0.000E+OO
8.500E+OI 9.357E+O0 1.877E+01 4.106E+O1 1.904E+01 0.000E+OO
9.000E+O1 9.632E+O0 1.936E+01 4.271E+01 1.832E+01 0.000E+OO
9.500E+01 9.977E+O0 2.00IE+O1 4.438E+01 1.769E+01 0.000E+OO
1.000E+02 1.032E+01 2.068E+01 4.543E+01 1.708E+01 0.000E+OO
1.1OOE+O2 1.101E+O1 2.190E+01 4.795E+01 1.578E+01 0.000E+OO
1.200E+02 1.178E+01 2.316E+01 4.999E+01 1.461E+01 0.000E+OO
1.300E+02 1.252E+01 2.446E+01 5.119E+01 1.342E+01 0.000E+OO
1.400E+02 1.334E+01 2.586E+01 5.330E+01 1.250E+01 0.000E+OO
1.500E+02 1.420E+01 2.725E+01 5.440E+01 1.173E+01 0.000E+OO

9.867E+O0 2.114E+O0
1.068E+01 1.999E+O0
1.116E+01 1.972E+O0
1.151E+01 1.960E+O0
1.175E+01 1.935E+O0
1.189E+01 1.947E+O0
1.180E+01 1.953E+O0
1.176E+01 1.943E+O0
1.176E+01 1.912E+O”0
1.175E+01 1.940E+O0
1.175E+01 1.953E+O0
1.177E+01 1.935E+O0
1.178E+01 1.904E+O0
1.182E+01 1.916E+O0
1.188E+01 1.916E+O0
1.200E+01 1.929E+O0
1.212E+01 1.958E+O0
1.228E+01 2.004E+O0
1.245E+01 2.009E+O0
1.264E+01 1.967E+O0
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EVALUATION OF p + 53Cr CROSS SECTIONS FOR THE ENERGY
RANGE 1 to 150 MeV

s. Chiba, M. B. Chadwick, and P. G. Young
22 october 1997

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
proton energy range fTom 1 to 150 MeV. The evaluation utilizes
MF=6, MT=5 to represent all reaction data. Production cross
sections and emission spectra are given for neutrons, protons,
deuterons, tritons, alpha particles, gamma rays, and all
residual nuclides produced (A>5) in the reaction chains. To
summarize, the ENDF sections with non-zero data above are:

MF=3 MT= 2 Inteqral of nuclear plus interference components
of tfie elastic scatt&ing cross section -

MT= 5 Sum of binary (p,n’) and (p,x) reactions

MF=6 MT= 2 Elastic (prp) angular distributions given
ratios of the differential nuclear-plus-
interference to the integrated value.

as

MT= 5 Production cross sections and energy-angle
distributions for emission neutrons, protons,
deuterons, and alphas; and angle-integrated
spectra for gamma rays and residual nuclei that
are stable against particle emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
Ni58 and p + Ni58 reactions (Ch97) . We use the GNASH code system
(Y092) , which utilizes Hauser-Feshbach statistical,
preequilibrium and di<rect-reaction theories. Spherical opticalr

model calculations are used to obtain particle transmission
coefficients for the Hauser-Feshbach calculations, as well as
for the elastic proton angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A model was developed to calculate the energy distributions of

all recoil nuclei in the GNASH calculations (Ch96) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are gi-ven as isotropic in the lab system. All
other data in MT=5,MF=6 are given in the center-of-mass system.
This method of r-epresentation utilizes the LCT=3 option approved
at the November, 1996, CSEWG meeting.

Preequilibrium corrections were performed in the course of the
GNASH calculaticms ‘a-singthe ‘-exc&onwOdel ‘-ofK-al’bath (K-a77,
Ka85) , validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched.to continuum level densities
using the formulation of Ignatyuk et al. (Ig75) and pairing and
shell parameters from the Cook (C067) analysis. Neutron and
charged- particle transmission coefficients were obtained from
the optical potentials, as discussed below. Gamma-ray



transmission coet”ficients were calculated using the Kopecky-Uhl
model (K090) .

SOME Cr-SPECIFIC INFORMATION CONCERNING THE EVAL.

The transmission coefficients calculated for the p + Cr-52
evaluation were employed for all the channels in the p + Cr-53
evaluation by multiplying by a factor of 1.01278{ i.e., a ratio of
A**(2/3) between Cr-53 and
Cr-52 .

The Cr-52 transmission coefficients were calculated by using the
following optical model potentials:

Neutrons: a newly-searched potential for Cr-52 as described in the
File 1 description of the n + Cr-52 evaluation.

Protons: a combination of 2 potentials was used :

below 40 MeV : Becchetti-Greenlees (Ee69)
above 40 MeV : Madland medium energy potential (Ma88)

The proton reaction cross section and transmission coefficients
below 40 MeV were multiplied by a factor of 0.845 to make the
agreement with the measured proton reaction cross section (Ca96)
better, and also to make the connection to higher energy values
smoothly.

For deuterons, the Lohr-Haeberli (L074) global potential was used;
for alpha particles Ehe-McFad,den-Satchler (Mc66) potential was
used; and for tritons the Becchetti-Greenlees (Be71) potential was
used. The He-3 channel was ignored.

No direct collective inelastic scattering was considered,

*************** *************** *************** *************** ****
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24053 = TARGET 1000Z+A (if A=O then elemental)
1001 = PROJECTILE 1000Z+A
Nonelastic, elastic, and Production cross sections for A(5 ejectiles in barns:
Energy nonelas elastic neutron proton deuteron triton helium3 alpha &mmsa

1.000E+OO 3.750E-05 0.000E+OO O.OO”OE+OOo’~”O.OOOE+OO ‘0.000E+OO 0.000E+OO 0.000E+OO 6.642E-06
2.000E+OO 1.123E-02 0.000E+OO 1.119E-02 3.053E-06 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 1.988E-03
3.000E+OO 9.162E-02 0.000E+OO 9.075E-02 7.581E-04 0.000E+OO 0.000E+OO 0.000E+OO 1.652E-14 3.514E-02
4.000E+OO 2.452E-01 0.000E+OO 2.303E-01 1.463E-02 0.000E+OO 0.000E+OO 0.000E+OO 7.070E-09 1.922E-01
5.000E+OO 4.208E-01 0.000E+OO 3.765E-01 4.408E-02 0.000E+OO 0.000E+OO 0.000E+OO 2.270E-06 5.419E-01
6.000E+OO 5.714E-01 0.000E+OO 4.960E-01 7.500E-02 0.000E+OO 0.000E+OO 0.000E+OO 8.653E-05 8.923E-01
7.000E+OO 6.794E-01 0.000E+OO 5.740E-01 1.042E-01 7.534E-09 0.000E+OO 0.000E+OO 9.615E-04 1.187E+O0
8.000E+OO 7.576E-01 0.000E+OO 6.212E-01 1.317E-01 8.363E-06 0.000E+OO 0.000E+OO 4.313E-03 1.471E+O0
9.000E+OO 8.182E-01 0.000E+OO 6.489E-01 1.582E-01 2.005E-04 0.000E+OO 0.000E+OO 1.055E-02 1.745E+O0
1.000E+O1 8.660E-01 0.000E+OO 6.647E-01 1.913E-01 1.040E-03 0.000E+OO 0.000E+OO 1.677E-02 1.981E+O0
1.1OOE+O1 9.028E-01 0.000E+OO 6.735E-01 2.511E-01 2.924E-03 0.000E+OO 0.000E+OO 2.167E-02 2.117E+O0
1.200E+01 9.292E-01 0.000E+OO 6.825E-01 3.403E-01 5.952E-03 0.000E+OO 0.000E+OO 2.526E-02 2.147E+O0
1.300E+01 9.527E-01 0.000E+OO 7.O1lE-01 4.572E-01 9.665E-03 3.831E-09 0.000E+OO 2.796E-02 2.139E+O0
1.400E+01 9.730E-01 0.000E+OO 7.314E-01 5.786E-01 1.448E-02 2.376E-06 0.000E+OO 2.932E-02 2.142E+O0
1.500E+01 9.896E-01 0.000E+OO 7.906E-01 6.501E-01 1.976E-02 2.633E-05 0.000E+OO 3.136E-02 2.133E+O0
1.600E+01 1.003E+O0 0.000E+OO 8.814E-01 6.587E-01 2.474E-02 8.773E-05 0.000E+OO 3.334E-02 2.135E+O0
1.700E+01 1.013E+O0 0.000E+OO 9.727E-01 6.334E-01 3.006E-02 1.978E-04 0.000E+OO 3.530E-02 2.195E+O0
1.800E+01 1.020E+O0 0.000E+OO 1.035E+O0 6.147E-01 3.517E-02 3.592E-04 0.000E+OO 3.757E-02 2.293E+O0
1.900E+01 1.024E+O0 0.000E+O”O1.085E+O0 5.931E-01 3.998E-02 5.647E-04 0.000E+OO 4.016E-02 2.41OE+OO
2.000E+O1 1.021E+O0 0.000E+OO 1.117E+O0 5.739E-01 4.31OE-O2 8.479E-04 0.000E+OO 4.282E-02 2.478E+O0
2.200E+01 1.016E+O0 0.000E+OO 1.132E+O0 5.720E-01 5.099E-02 1.327E-03 0.000E+OO 4.844E-02 2.701E+O0
2.400E+01 1.O1OE+OO 0.000E+OO 1.136E+O0 6.052E-01 5.806E-02 1.912E-03 0.000E+OO 5.268E-02 2.753E+O0
2.600E+01 1.004E+O0 0.000E+OO 1.168E+O0 6.571E-01 6.379E-02 2.497E-03 0.000E+OO 5.452E-02 2.623E+O0
2.800E+01 9.965E-01 0.000E+OO 1.205E+O0 7.160E-01 6.994E-02 3.050E-03 0.000E+OO 5.472E-02 2.461E+O0
3.000E+O1 9.888E-01 0.000E+OO 1.251E+O0 7.670E-01 7.567E-02 3.582E-03 0.000E+OO 5.397E-02 2.317E+O0
3;500E+01 9.678E-01 0.000E+OO 1.351E+O0 8.622E-01 8.479E-02 4.707E-03 0.000E+OO 5.632E-02 2.166E+O0
4.000E+O1 9.447E-01 0.000E+OO 1.405E+O0 9.159E-01 9.062E-02 5.431E-03 0.000E+OO 6.148E-02 2.233E+O0
4.500E+01 9.204E-01 0.000E+OO 1.462E+O0 9.679E-01 9.11OE-O2 5.940E-03 0.000E+OO 6.531E-02 2.218E+O0
5.000E+O1 8.957E-01 0.000E+OO 1.523E+O0 1.017E+O0 9.289E-02 6.311E-03 0.000E+OO 6.919E-02 2.155E+O0
5.500E+01 8.715E-01 0.000E+OO 1.581E+O0 1.061E+O0 9.323E-02 6.591E-03 0.000E+OO 7.406E-02 2.092E+O0
6.000E+O1 8.485E-01 0.000E+OO 1.626E+O0 1.091E+O0 9.353E-02 6.854E-03 0.000E+OO 7.900E-02 2.012E+O0
6.500E+01 8.277E-01 0.000E+OO 1.667E+O0 1.117E+O0 9.302E-02 7.130E-03 0.000E+OO 8.432E-02 1.958E+O0
7.000E+O1 8.099E-01 0.000E+OO 1.688E+O0 1.151E+O0 9.189E-02 7.519E-03 0.000E+OO 9.069E-02 1.877E+O0
7.500E+01 7.939E-01 0.000E+OO 1.729E+O0 1.184E+O0 9.185E-02 8.087E-03 0.000E+OO 9.874E-02 1.816E+O0
8.000E+O1 7.789E-01 0.000E+OO 1.769E+O0 1.205E+O0 9.196E-02 8.748E-03 0.000E+OO 1.063E-01 1.775E+O0
8.500E+01 7.649E-01 0.000E+OO 1.807E+O0 1.229E+O0 9.237E-02 9.621E-03 0.000E+OO 1.149E-01 1.741E+O0
9.000E+O1 7.519E-01 0.000E+OO 1.842E+O0 1.249E+O0 9.202E-02 1.048E-02 0.000E+OO 1.220E-01 1.705E+O0
9.500E+01 7.400E-01 0.000E+OO 1.870E+O0 1.266E+O0 9.255E-02 1.140E-02 0.000E+OO 1.292E-01 1.683E+O0
1.000E+02 7.293E-01 0.000E+OO 1.898E+O0 1.279E+O0 9.320E-02 1.240E-02 0.000E+OO 1.360E-01 1.625E+O0

,1.1OOE+O2 7.116E-01 0.000E+OO 1.966E+O0 1.312E+O0 9.316E-02 1.484E-02 0.000E+OO 1.507E-01 1.565E+O0
1.200E+02 6.989E-01 0.000E+OO 2.O1OE+OO 1.349E+O0 9.556E-02 1.735E-02 0.000E+OO 1.629E-01 1.535E+O0
1.300E+02 6.917E-01 0.000E+OO 2.064E+O0 1.392E+O0 9.866E-02 2.031E-02 0.000E+OO 1.757E-01 1.490E+O0
1.400E+02 6.900E-01 0.000E+OO 2.116E+O0 1.429E+O0 1.017E-01 2.302E-02 O..000E+OO1.851E-01 1.473E+O0
1.500E+02 6.956E-01 0.000E+OO 2.186E+O0 1.478E+O0 1.052E-01 2.620E-02 0.000E+OO 1.959E-01 1.452E+O0

24053 = TARGET 1000Z+A (if A=O than elememta~)
1001 = PROJECTILE 1000Z+A
Aver. lab amission energies for A<5 ejectiles in MeV:
Energy neutron proton deuteron triton helium3 alpha ganmla

1.000E+OO 0.000E+OO 3.491E-04 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 5.000E-12
2.000E+OO 4.384E-01 1.436E+O0 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 5.989E-01
3.000E+OO 1.308E+O0 1.996E+O0 0.000E+OO 0.000E+OO 0.000E+OO 4.190E-03 6.943E-01
4.000E+OO 1.822E+O0 2.700E+O0 0.000E+OO 0.000E+OO 0.000E+OO 2.502E+O0 9.799E-01
5.000E+OO 1.864E+O0 3.337E+O0 0.000E+OO 0.000E+OO 0.000E+OO 3.318E+O0 1.289E+O0
6.000E+OO 1.975E+O0 3.922E+O0 0.000E+OO 0.000E+OO 0.000E+OO 4.137E+O0 1.580E+O0
7.000E+OO 2.149E+O0 4.344E+O0 1.212E+O0 0.000E+OO 0.000E+OO 5.007E+O0 1.805E+O0
8.000E+OO 2.326E+O0 4.690E+O0 2.161E+O0 0.000E+OO 0.000E+OO 5.814E+O0 2.008E+O0
9.000E+OO 2.476E+O0 4.978E+O0 2.838E+O0 0.000E+OO 0.000E+OO 6.534E+O0 2.181E+O0
1.000E+O1 2.603E+O0 5.064E+O0 3.537E+O0 0.000E+OO 0.000E+OO 7.067E+O0 2.330E+O0
t.~o~~+ol ~.’7z2MQ. 4=935M4 4-L39WQ.G.G43QEMQ. G.G~QE~~ 7m469MQ.27447W44j
1.200E+01 2.788E+O0 4.566E+O0 4.699E+O0 0.000E+OO 0.000E+OO 7.782E+O0 2.490E+O0
1.300E+01 2.835E+O0 4.360E+O0 5.144E+O0 1.202E+O0 0.000E+OO 8.019E+O0 2.411E+O0
1.400E+01 2.847E+O0 4.269E+O0 5.689E+O0 2.127E+O0 0.000E+OO 8.160E+O0 2.208E+O0
1.500E+01 2.798E+O0 4.464E+O0 6.268E+O0 2.965E+O0 0.000E+OO 8.331E+O0 2.O1OE+OO
1.600E+01 2.714E+O0 4.829E+O0 6.786E+O0 3.552E+O0 0.000E+OO 8.497E+O0 1.854E+O0
1.700E+01 2.706E+O0 5.248E+O0 7.414E+O0 4.023E+O0 0.000E+OO 8.650E+O0 1.737E+O0
1.800E+01 2.786E+O0 5.662E+O0 8.039E+O0 4.487E+O0 0.000E+OO 8.784E+O0 1.705E+O0

1.900E+01 2.905E+O0 6.118E+O0 8.657E+O0 4.939E+O0 0.000E+OO 8.901E+O0 1.702E+O0
2.000E+O1 3.062E+O0 6.592E+O0 9.215E+O0 5.474E+O0 0.000E+OO 9.009E+O0 1.718E+O0
2.200E+01 3,384E+O0 7.287E+O0 1.039E+01 6.27233+000.000E+OO 9.278E+O0 1.843E+O0
2.400E+01 3.653E+O0 7.735E+O0 1.153E+01 7.156E+O0 0.000E+OO 9.597E+O0 1.943E+O0
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2.600E+01 3.877E+O0 8.036E+O0 1.260E+01 8.000E+OO 0.000E+OO 9.953E+O0 2.006E+O0
2.800E+01 4.048E+O0 8.340E+O0 1.375E+01 8.790E+O0 0.000E+OO 1.031E+01 2.058E+O0
3.000E+O1 4.224E+O0 8.704E+O0 1.493E+01 9.592E+O0 0.000E+OO 1.064E+01 2.090E+O0
3.500E+01 4.729E+O0 9.868E+O0 1.791E+01 1.153E+01 0.000E+OO 1.114E+01 1.995E+O0
4.000E+O1 5.314E+O0 1.117E+01 2.109E+O1 1.332E+01 0.000E+OO 1.139E+01 1.948E+O0
4.500E+01 5.873E+O0 1.237E+01 2.393E+01 1.491E+01 0.000E+OO 1.167E+01 1.934E+O0
5.000E+O1 6.347E+O0 1.339E+01 2.693E+01 1.631E+01 0.000E+OO 1.187E+01 1.921E+O0
5..5OOE+O16.764E+O0 1.435E+01 2.965E+01 1.753E+01 0.000E+OO 1.198E+01 1.925E+O0
6.000E+O1 7.184E+O0 1.533E+01 3.239E+01 1.853E+01 0.000E+OO 1.206E+01 1.912E+O0
6.500E+01 7.592E+O0 1.630E+01 3.490E+01 1.929E+01 0.000E+OO 1.212E+01 1.899E+O0
7.000E+O1 8.090E+O0 1.71OE+O1 3.697E+01 1.966E+01 0.000E+OO 1.215E+01 1.800E+O0
7.500E+01 8.444E+O0 1.782E+01 3.922E+01 1.950E+01 0.000E+OO 1.213E+01 1.793E+O0
8.000E+O1 8.773E+O0 1.861E+01 4.138E+01 1.916E+01 0.000E+OO 1.214E+01 1.795E+O0
8.500E+01 9.087E+O0 1.930E+01 4.321E+01 1.851E+01 0.000E+OO 1.214E+01 1.803E+O0
9.000E+O1 9.425E+O0 2.008E+01 4.482E+01 1.796E+01 0.000E+OO 1.216E+01 1.796E+O0
9.500E+01 9.767E+O0 2.086E+01 4.661E+01 1.741E+01 0.000E+OO 1.219E+01 1.814E+O0
1.000E+02 1.O1lE+O1 2.167E+01 4.830E+Oi ‘1.684E+010.000E+OO 1.222E+01 1.820E+O0
1.1OOE+O2 1.075E+01 2.317E+01 4.996E+01 1.560E+01 0.000E+OO 1.228E+01 1.830E+O0
1.200E+02 1.150E+01 2.462E+01 5.253E+01 1.449E+01 0.000E+OO 1.237E+01 1.857E+O0
1.300E+02 1.222E+01 2.600E+01 5.431E+01 1.335E+01 0.000E+OO 1.249E+01 1.866E+O0
1.400E+02 1.303E+01 2.767–E+015.668E+01 1.247E+01 0.000E+OO 1.264E+01 1.895E+O0
1.500E+02 1.382E+01 2.936E+01 5.818E+01 1.173E+01 0.000E+OO 1.280E+01 1.899E+O0
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p+53Cr angle-integrated emission spectra



p +53Cr Kalbach preequilibrium ratios
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EVALUATION OF p + 54Cr CROSS SECTIONS FOR THE ENERGY
RANGE 1 to 150 MeV

S. Chiba, M. B. Chadwick, and P. G. Young
22 October 1997

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
proton energy range from .1 to 150 MeV. The evaluation utilizes
MF=6 , MT=5 to represent all reaction data. Production cross
sections and emission spectra are given for neutrons, protons,
deuterons, tritons, alpha particles, gamma rays, and all

residual nuclides produced {A>5) in the reaction chains. To
summarize, the ENDF sections with non-zero data above are:

MF=3 MT= 2 Integral of nuclear plus interference components
of the elastic scattering cross section

MT= 5 Sum of binary (p,n’) and (p,x) reactions

MF=6 MT= 2 Elastic (p,p) angular distributions given as
ratios of the differential nuclear-plus-
interference to the integrated value.

MT= 5 Production cross sections and energy-angle
distributions for emission neutrons, protons,
deuterons, and alphas; and angle-integrated
spectra for gamma rays and residual nuclei that
are stable against particle emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
Ni58 and p + Ni58 reactions (Ch97) . We use the GNASH code system
(Y092) , which utilizes Hauser-Feshbach statistical,
preequilibrium and direct-reaction theories. Spherical optical
model calculations are used to obtain particle transmission
coefficients for the Hauser-Feshbach calculations, as well as
for the elastic proton angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A model was developed to calculate the energy distributions of

all recoil nuclei in the GNASH calculations (Ch96) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. All
other data in MT=5,MF.6 are given in the center-of-mass system.
This method of representation utilizes the LCT=3 option approved
at the November, 1996, CSEWG meeting.

Preequilibrlum corrections were performed in the course of the
GNASH ‘cmkculati-om~ us-ing the exciton modei of ‘Kalbach (-KaW,
Ka85) , validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyuk et al. (Ig75) and pairing and
shell parameters from the Cook (C067) analysis. Neutron and
charged- particle transmission coefficients were obtained from
the optical potentials, as discussed below. Gamma-ray



transmission coefficients were calculated using the Kopecky-Uhl
model (K090) .

SOME Cr-SPECIFIC INFORMATION CONCERNING THE EVAL.

The transmission coefficients calculated for the p + Cr-52
evaluation were employed for all the channels in the p + Cr-54
evaluation by multiplying by a factor of 1.025479, , i.e., a ratio
of A**(2/3) between Cr-54 and Cr-52.

The Cr-52 transmission coefficients were calculated by using the
following optical model potentials:

Neutrons: a newly-searched potential for Cr-52 as described in the
File 1 description of the n + Cr-52 evaluation.

Protons: a combination of 2 potentials was used :

below 40 MeV : Becchetti-Greenlees (Be69)
above 40 MeV : Madland medium energy potential (Ma88)

The proton reaction cross section and transmission coefficients
below 40 MeV were multiplied by a factor of 0.845 to make the
agreement with the measured proton reaction cross section (Ca96)
better, and also to make the connection to higher energy values
smoothly.

For deuterons, the Lohr-Haeberli (L074) global potential was used;
for alpha particles the McFadden-Satchler (Mc66) potential was
used; and for tritons the Becchetti-Greenlees (Be71) potential was
used. The He-3 channel was ignored.

The direct collective inelastic scattering to the following levels
in Cr-54 was considered by the DWBA-mode calculation of ECIS95
(Ra96) :

Jpi Ex(MeV) Deformation Parameter
2+ 0.835 0.250

The data was retrieved from the literature (Ra87) .

**************** **************** **************** ****************

REFERENCES

[Be69] . F.D. Becchetti, Jr., and G.W. Greenlees, Phys. Rev.
182, 1190 (1969).

[Be71] . F.D. Becchetti, Jr., and G.W. Greenlees in
Ilpolarization phenomena in Nuclear Reactions/ “ (Ed: H.H.
Barschall and W. Haeberli, The University of Wisconsin Press,
1971) p.682.

[Ca96] . R. F. Carlson, Atomic Data and Nuclear Data Tables, 63,
93(1996) .

[Ch931. M. B. Chadwick and P. G. Young, llFeshbach- Kerman-Koonin
Analysis of 93Nb Reactions: P --> Q Transitions and Reduced
Importance of Multistep Compound Emission,!’ Phys. Rev. C 47,
2255 (1993).



[Ch961. M. B. Chadwick, P. G. Young, R. E. MacFarlanel and A.
J. Koning, I!High-Energy Nuclear Data Libraries for Accelerator-

Driven Technologies: Calculational Method for Heavy Recoils, ”
Proc. of 2nd Int. Conf. on Accelerator Driven Transmutation
Technology and Applications, Kalmar, Sweden, 3-7 June 1996.

[Ch97] . M. B. Chadwick and P. G. Young, “Model Calculations of
nJP + 58,60/61,~2,64Ni” in ApT PROGRESS REPORT: 1 August - I
September 1997, internal Los Alamos National Laboratory memo T-

2-97/MS-51, 8 September 1997 from R.E. MacFarlane to L. Waters.

[C067] . J. L. Cook, H. Ferguson, and A. R. Musgrove, “Nuclear
Level Densities in Intermediate and Heavy Nuclei, ” Aust.J.Phys.
20, 477 (1967) .

[Ig75] . A. V. Ignatyuk, G. N. Smirenkin, and A. S. Tishin,
“Phenomenological Description of the Energy Dependence of the
Level Density Parameter, ” Sov. J. Nucl. Phys. 21, 255 (1975) .

[Ka77] . C. Kalbach, “The Griffin Model, Complex Particles and
Direct Nuclear Reactions, ” Z.Phys.A 283, 401 (1977) .

[Ka85] . C. Kalbach, “PREco-D2: Program for Calculating
Preequilibrium and Direct Reaction Double Differential Cross
Sections, ‘1Los Alamos National Laboratory report LA-10248-MS
(1985) .

[Ka881 . C. Kalbach, “Systematic of Continuum Angular
Distributions : Extensions to Higher Energies, ” Phys.Rev.C 37,
2350 (1988); see also C. Kalbach and F. M. Mann, “Phenomenology
of Continuum Angular Distributions. I. Systematic and
Parameterization, ” Phys.Rev.C 23, 112 (1981) .

[K090] . J. Kopecky and M. Uhl, “Test of Gamma-Ray Strength
Functions in Nuclear Reaction Model Calculations, ” Phys.Rev.C

( 42, 1941 (1990). .

[L074] . J.M.Lohr and W.Haeberli, Nucl.Phys. A232,381(1974)

[Ma88] . D.G. Madland, “Recent Results in the Development of a
Global Medium-Energy Nucleon-Nucleus Optical-Model Potential, ”
Proc. OECD/NEANDC Specialist’s Mtg. on Preequilibrium Nuclear
Reactions, Semmering, Austria, IO-12 Feb. 1988, NEANDC-245 ‘U’
(1988) .

[MC661 . L. McFadden and G. R. Satchler, Nucl. Phys. 84, 177
(1966) .

[Ra871 . S. Raman et al., At. Data and Nucl. Data Tables, 36,
1(1987) .

[Ra961 . J. Raynal, I!Notes on EC1S94° J Service de Physique
Theorique, Saclay, France (personal communication through A. J.
Koning, 1996) .

[Y0921 . P. G. Young, E. D. Arthur, and M. B. Chadwick,
“Comprehensive Nuclear Model Calculations: Introduction to the
Theory and Use of the GNASH Code,” LA-12343-MS (1992).



pcr54.la150 .xsinfo Wed Sep 30 11:36:20 1998 1

24054 = TARGET 1000Z+A (if A=O then elemental)
1001 = PROJECTILE 1000z+A
Nonelastic, elastic, and Production cross sections for A<5 ejectiles in barns:
Energy nonelas elastic neutron proton deuteron triton heliti alpha gansna

,,,, ..,—, .,
1.000E+OO 3.530E-05 0.000E+OO 0.000E+OO 6.670E-06 0.000E+OO 0.000E+OO 0.000E+OO 5.396E-10 4.283E-05
2.000E+OO 1.164E-03 0.000E+OO 0.000E+OO 2.199E-04 0.000E+OO 0.000E+OO 0.000E+OO 1.779E-08 1.412E-03
3.000E+OO 8.113E-02 0.000E+OO 7.909E-02 1.915E-03 0.000E+OO 0.000E+OO 0.000E+OO 1.242E-07 6.669E-02
4.000E+OO 2.539E-01 0.000E+OO 2.431E-01 1.066E-02 0.000E+OO 0.000E+OO 0.000E+OO 1.158E-05 3.226E-01
5.000E+OO 4.413E-01 0.000E+OO 4.208E-01 2.015E-02 0.000E+OO 0.000E+OO 0.000E+OO 2.308E-04 6.968E-01
6.000E+OO 5.923E-01 0.000E+OO 5.609E-01 2.952E-02 0.000E+OO 0.000E+OO 0.000E+OO 1.746E-03 1.080E+O0
7.000E+OO 6.980E-01 0.000E+OO 6.532E-01 3.873E-02 0.000E+OO 0.000E+OO 0.000E+OO 5.907E-03 1.432E+O0
8.000E+OO 7.738E-01 0.000E+OO 7.122E-01 5.076E-02 0.000E+OO 0.000E+OO 0.000E+OO 1.062E-02 1.751E+O0
9.000E+OO 8.328E-01 0.000E+OO 7.526E-01 6.632E-02 1.651E-07 0.000E+OO 0.000E+OO 1.370E-02 2.042E+O0
1.000E+O1 8.796E-01 0.000E+OO 7.781E-01 8.514E-02 3.96773-050.000E+OO 0,000E+OO 1.612E-02 2.305E+O0
1.1OOE+O1 9.160E-01 0.000E+OO 7.903E-01 1.072E-01 4.703E-04 1.803E-07 0.000E+OO 1.874E-02 2.533E+O0
1.200E+01 9.422E-01 0.000E+OO 8.438E-01 1.456E-01 1.907E-03 1.230E-05 0.000E+OO 2.154E-02 2.516E+O0
1.300E+01 9.656E-01 0.000E+OO 1.00IE+OO 1.772E-01 4.729E-03 6.517E-05 0.000E+OO 2.453E-02 2.181E+O0
1.400E+01 9.858E-01 0.000E+OO 1.160E+O0 2.070E-01 8.256E-03 1.763E-04 0.000E+OO 2.749E-02 1.824E+O0
1.500E+01 1.003E+O0 0.000E+OO 1.261E+O0 2.396E-01 1.295E-02 3.781E-04 0.000E+OO 3.038E-02 1.649E+O0
1.600E+01 1.016E+O0 0.000E+OO 1.313E+O0 2.720E-01 1.799E-02 6.811E-04 0.000E+OO 3.299E-02 1.647E+O0
1.700E+01 1.026E+O0 0.000E+OO 1.344E+O0 2.986E-01 2.31OE-O2 1.062E-03 0.000E+OO 3.532E-02 1.721E+O0
1.800E+01 1.033E+O0 0.000E+OO 1.355E+O0 3.252E-01 2.812E-02 1.472E-03 0.000E+OO 3.754E-02 1.821E+O0
1.900E+01 1.037E+00 0.000E+OO 1.365E+O0 3.435E-01 3.143E-02 1.917E-03 0.000E+OO 4.008E-02 1.922E+O0
2.000E+O1 1.038E+O0 0.000E+OO 1.365E+O0 3.572E-01 3.661E-02 2.273E-03 0.000E+OO 4.274E-02 2.004E+O0
2.200E+01 1.037E+O0 0.000E+OO 1.363E+O0 3.973E-01 4.488E-02 3.128E-03 0.000E+OO 4.809E-02 2.152E+O0
2.400E+01 1.032E+O0 0.000E+OO 1.378E+O0 4.581E-01 5.235E-02 3.922E-03 0.000E+OO 5.173E-02 2.195E+O0
2.600E+01 1.025E+O0 0.000E+OO 1.400E+O0 5.367E-01 5.934E-02 4.651E-03 0.000E+OO 5.342E-02 2.188E+O0
2.800E+01 1.014E+00 0.000E+OO 1.441E+O0 5.863E-01 6.452E-02 5.270E-03 0.000E+OO 5.320E-02 2.174E+O0
3.000E+O1 1.000E+OO 0.000E+OO 1.489E+O0 6.077E-01 7.013E-02 5.797E-03 0.000E+OO 5.240E-02 2.098E+O0
3.500E+01 9.556E-01 0.000E+OO 1.566E+O0 6.313E-01 7.912E-02 6.691E-03 0.000E+OO 5.11OE-O2 1.906E+O0
4.000E+O1 9.332E-01 0.000E+OO 1.613E+O0 6.858E-01 8.244E-02 7.208E-03 0.000E+OO 5.193E-02 1.833E+O0
4.500E+01 9.137E-01 0.000E+OO 1.649E+O0 7.408E-01 8.633E-02 7.437E-03 0.000E+OO 5.308E-02 1.825E+O0
5.000E+O1 8.934E-01 0.000E+OO 1.702E+O0 7.885E-01 8.835E-02 7.616E-03 0.000E+OO 5.492E-02 1.790E+O0
5.500E+01 8.738E-01 0.000E+OO 1.766E+O0 8.292E-01 8.900E-02 7.763E-03 0.000E+OO 5.824E-02 1.763E+O0
6.000E+O1 8.551E-01 0.000E+OO 1.826E+O0 8.680E-01 8.959E-02 7.974E-03 0.000E+OO 6.326E-02 1.741E+O0
6.500E+01 8.371E-01 0.000E+OO 1.887E+O0 9.076E-01 8.857E-02 8.367E-03 0.000E+OO 7.O1OE-O2 1.705E+O0
7.000E+O1 8.201E-01 0.000E+OO 1.929E+O0 9.439E-01 8.888E-02 8.997E-03 0.000E+OO 7.792E-02 1.634E+O0
7.500E+01 8.039E-01 0.000E+OO 1.977E+O0 9.724E-01 8.884E-02 9.589E-03 0.000E+OO 8.456E-02 1.593E+O0
8.000E+O1 7.887E-01 0.000E+OO 2.019E+O0 9.977E-01 8.731E-02 1.030E-02 0.000E+OO 9.109E-O2 1.568E+O0
8.500E+01 7.745E-01 0.000E+OO 2.058E+O0 1.027E+O0 8.707E-02 1.125E-02 0.000E+OO 9.872E-02 1.553E+O0
9.000E+O1 7.614E-01 0.000E+OO 2.086E+O0 1.050E+O0 8.768E-02 1.214E-02 0.000E+OO 1.047E-01 1.523E+O0
9.500E+01 7.493E-01 0.000E+OO 2.112E+O0 1.070E+O0 8.848E-02 1.313E-02 0.000E+OO 1.107E-O1 1.504E+O0
1.000E+02 7.385E-01 0.000E+OO 2.130E+O0 1.091E+O0 8.926E-02 1.417E-02 0.000E+OO 1.162E-01 1.498E+O0
1.1OOE+O2 7.205E-01 0.000E+OO 2.183E+O0 1.130E+O0 9.141E-02 1.667E-02 0.000E+OO 1.288E-01 1.457E+O0
1.200E+02 7.077E-01 0.000E+OO 2.237E+O0 1.162E+O0 9.285E-02 1.929E-02 0.000E+OO 1.398E-01 1.434E+O0
1.300E+02 7.004E-01 0.000E+OO 2.300E+O0 1.197E+O0 9.594E-02 2.237E-02 0.000E+OO 1.519E-01 1.394E+O0
1.400E+02 6.987E-01 0.000E+OO 2.362E+O0 1.240E+O0 9.750E-02 2.519E-02 0.000E+OO 1.619E-01 1.378E+O0
1.500E+02 7.043E-01 0.000E+OO 2.439E+O0 1.292E+O0 1.015E-01 2.851E-02 0.000E+OO 1.728E-01 1.374E+O0

24054 = TARGET 1000Z+A (if A=O then elemental)
1001 = PROJECTILE 1000Z+A
Aver. lab emission enex~ies for A<5 ejectile.gin MeV:
Energy neutron proton deuteron triton helitus3

1.000E+OO 0.000E+OO 3.366E-04 0.000E+OO 0.000E+OO 0.000E+OO
2.000E+OO 0.000E+OO 1.228E+O0 0.000E+OO 0.000E+OO 0.000E+OO
3.000E+OO 6.720E-01 1.964E+O0 0.000E+OO 0.000E+OO 0.000E+OO
4.000E+OO 1.11OE+OO 2.932E+O0 0.000E+OO 0.000E+OO 0.000E+OO
5.000E+OO 1.508E+O0 3.789E+O0 0.000E+OO 0.000E+OO 0.000E+OO
6.000E+OO 1.864E+O0 4.533E+O0 0.000E+OO 0.000E+OO 0.000E+OO
7.000E+OO 2.136E+O0 5.164E+O0 0.000E+OO 0.000E+OO 0.000E+OO
J3.000E+OO 2.336E+O0 5.602E+O0 0.000E+OO 0.000E+OO 0.000E+OO
9.000E,+OO2.487E+O0 5.949E+O0 1.199E+O0 0.000E+OO 0.000E+OO
1.000E+O1 2.61OE+OO 6.280E+O0 2.081E+O0 0.000E+OO 0.000E+OO
1.1OOE+O1 2.719E+O0 6.577E+O0 2.91OE+OO 1.442E+O0 0.000E+OO
1.200E+01 2.666E+O0 6.276E+O0 3.592E+O0 2.374E+O0 0.000E+OO
1.300E+01 2.450E+O0 6.354E+O0 4.227E+O0 3.196E+O0 0.000E+OO
1.400E+01 2.385E+O0 6.640E+O0 4.81OE+OO 3.706E+O0 0.000E+OO
1.500E+01 2.462E+O0 6.827E+O0 5.483E+O0 4.041E+O0 0.000E+OO
1.600E+01 2.551E+O0 7.073E+O0 6.149E+O0 4.491E+O0 0.000E+OO
1.700E+01 2.692E+O0 7.397E+O0 6.803E+O0 4.946E+O0 0.000E+OO
1.800E+01 2.855E+O0 7.685E+O0 7.425E+O0 5.371E+O0 0.000E+OO

1.900E+012.996E+O08.000E+OO7.965E+O05.862E+O00.000E+OO
2.000E+O1 3.153E+O0 8.433E+O0 8.612E+O0 6.350E+O0 0.000E+OO
2.200E+01 3.429E+O0 8.925E+O0 9.806E+O0 7.287E+O0 0.000E+OO
2.400E+01 3.640E+O0 9.024E+O0 1.096E+01 8.162E+O0 0.000E+OO

alpha ganssa

1.346E-03
1.861E+O0
2.709E+O0
3.604E+O0
4.483E+O0
5.356E+O0
6.188E+O0
6.918E+O0
7.415E+O0
7.692E+O0
7.838E+O0
8.O1lE+OO
8.192E+O0
8.387E+O0
8.594E+O0
8.806E+O0
9.017E+O0
9.207E+O0
9.359E+O0
9.492E+O0
9.740E+O0
1.003E+01

5.000E-12
4.595E+O0
2.161E-01
5.371E-01
7.742E-01
1.005E+O0
1.222E+O0
1.436E+O0
1.628E+O0
1.833E+O0
2.0271s+O0
2.126E+O0
2.112E+O0
2.002E+O0
1.877E+O0
1.786E+O0
1.753E+O0
1.785E+O0
1.848E+O0
1.945E+O0
2.079E+O0
2.122E+O0
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2.600E+01 3.795E+O0 8.985E+O0 1.209E+01 8.996E+O0
2.800E+01 3.951E+00 9.378E+O0 1.313E+01 9.811E+O0
3.000E+O1 4.082E+O0 1.009E+01 1.433E+01 1.060E+01
3.500E+01 4.532E+O0 1.21OE+O1 1.745E+01 1.254E+01
4.000E+O1 5.079E+O0 1.376E+01 2.035E+01 1.438E+01
4.500E+01 5.609E+O0 1.523E+01 2.357E+01 1.599E+01
5.000E+O1 6.048E+O0 1.656E+01 2.663E+01 1.759E+01
5.500E+01 6.430E+O0 1.769E+01 2.936E+01 1.892E+01
6.000E+O1 6.784E+O0 1.863E+01 3.213E+01 1.984E+01
6.500E+01 7.102E+OO 1.942E+01 3.445E+01 2.015E+01
7.000E+O1 7.444E+O0 2.O1lE+O1 3.674E+01 1.991E+01
7.500E+01 7.743E+O0 2.095E+01 3.900E+01 1.971E+01
8.000E+O1 8.066E+O0 2.183E+01 4.060E+01 1.934E+01
8.500E+01 8.365E+O0 2.249E+01 4.211E+01 1.859E+01
9.000E+O1 8.688E+O0 2.328E+01 4.406E+01 1.807E+01
9.500E+01 9.O1lE+OO 2.403E+01 4.589E+01 1.750E+01
1.000E+02 9.365E+O0 2.477E+01 4.762E+01 1.693E+01
1.1OOE+O2 1.000E+O1 2.627E+01 5.060E+01 1.566E+01
1.200E+02 1.067E+01 2.798E+01 5.275E+01 1.451E+01
1.300E+02 1.130E+01 2.960E+01 5.478E+01 1.333E+01
1.400E+02 1.205E+01 3.134E+01 5.611E+01 1.245E+01
1.500E+02 1.277E+01 3.300E+01 5.807E+01 1.171E+01

0.000E+OO 1.036E+01 2.076E+O0
0.000E+OO 1.066E+01 2.025E+O0
0.000E+OO 1.099E+01 1.980E+O0
0.000E+OO 1.163E+01 1.942E+O0
0.000E+OO 1.207E+01 2.013E+O0
0.000E+OO 1.239E+01 2.023E+O0
0.000E+OO 1.262E+01 2.017E+O0
0.000E+OO 1.270E+01 1.994E+O0
0.000E+OO 1.268E+01 1.957E+O0
0.000E+OO 1.258E+01 1.963E+O0
0.000E+OO 1.246E+01 1.897E+O0
0.000E+OO 1.242E+01 1.836E+O0
0.000E+OO 1.241E+01 1.841E+O0
0.000E+OO 1.238E+01 1.847E+O0
0.000E+OO 1.239E+01 1.871E+O0
0.000E+OO 1.241E+01 1.872E+O0
0.000E+OO 1.245E+01 1.889E+O0
0.000E+OO 1.249E+01 1.887E+O0
0.000E+OO 1.258E+01 1.91OE+OO
0.000E+OO 1.264E+01 1.867E+O0
0.000E+OO 1.275E+01 1.903E+O0
0.000E+OO 1.288E+01 1.941E+O0
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EVALUATION OF p + 54Fe CROSS SECTIONS FOR THE ENERGY
RANGE 1 to 150 MeV

M. B. Chadwick, P. G. Young, and A. J. Koning
22 October 1996

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
neutron energy range from 1 to 150 MeV. Production cross
sections and emission spectra are given for neutrons, protons,
deuterons, tritons, alpha particles, gamma rays, and all

residual nuclides produced (A>5) in the reaction chains.
To summarize, the ENDF sections with non-zero data are:

MF=3 MT=

MT=

MF=6 MT=

MT=

2 Integral of nuclear plus interference components
of the elastic--scattering cross section

5 Sum of binary (n,n’) and (n,x) reactions

2 Elastic angular distributions given as ratios of
the differential nuclear-plus-interference to the
integrated value.

5 Production cross sections and enerqy-anqle
distributions for emission neutron~j pr~tons,
deuterons, and alphas; and angle-integrated
spectra for gamma rays and residual nuclei that

are stable against particle emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +

Fe56 and p + Fe56 reactions (Ch96a) . We use the GNASH code

system (Y092) , which utilizes Hauser-Feshbach statistical,

preequilibrium and direct-reaction theories. Spherical optical

model calculations are used to obtain particle transmission
Coefficients for the Hauser-Feshbach calculations, as well as
for the elastic neutron angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions that exceed a cross section of
approximately 1 nb at any energy. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A model was developed to calculate the energy distributions of

all recoil nuclei in the GNASH calculations (Ch96b) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF.6, and are given as isotropic in the lab system. Note
that all other data in MT=5,MF.6 are given in the center-of-mass
system. This method of representation requires a modification of
the original ENDF-6 format, i.e., we use LCT.3 with LAW 1 to
indicate that data for the heavy recoils are in the lab system
but all other reactions are in the cm system.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85), validated by comparison with calculations using Feshbach,
Ke rman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyuk (Ig75) and pairing and shell
parameters from the Cook (C067) analysis. Neutron and charged-



particle transmission coefficients were obtained from the
optical potentials, as discussed below. Gamma-ray transmission
coefficients were calculated using the Kopecky-Uhl model (K090) .

Direct reaction cross sections to discrete states were
calculated with the ECIS95 code [Re95] using deformation
parameters compiled in Nuclear Data Sheets.

The optical model potential of Arthur et al. (Ar80) was used

to calculate transmission coefficients with the SCAT2 code
(Be92) for neutrons up to an energy of 26 MeV. Between 26 and
52 MeV, the imaginary volume component of Arthur’s potential was

modified to better account for nonelastic cross section

measurements, and above 52 MeV the Semmering potential of
Madland (Ma88) was used. For protons, the Beccetti-Greenlees
potential (Be69) was utilized for both transmission coefficients
and scattering and reaction cross sections below 28 MeV, and the
Madland potential (Ma88) was used at higher energies. The
global spherical potential of Perey (Pe63) was utilized for
deuteron transmission coefficients, and the potential of
Beccetti-Greenlees (Be) was adopted for tritons. Finally, the
alpha potential of Lemos (Le72) , as adapted by Arthur et al.
(Ar80), was used for alpha particles.
MT=2 elastic scattering data in MF=3 and MF=6 are based on

optical model calculations with the SCAT2 code (Be92) . We have
made use of the “nuclear-plus-interference” option in MF=6,
which corresponds to LAW.5, LTP=12, and the appropriate
integrated cross section is stored in MF=3. Note that because
of the interference effect, the tabulations in both MF=6 and
MF=3 can be negative at some energies and angles.

**************** **************** **************** ****************
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260.54 = TARGET 1000Z+A (if A=O then elemental)
1001 = PROO’ECTILE1000Z+A
Nonelastic, elastic, and Production cross sections for A<5 ejectiles in barns:
Energy nonelas elastic neutron proton deuteron triton helium3 alpha gamnla

2.000E+OO 1.000E-20”0.ooOE+OO 0.000E+OO 1.000E-20 0.000E+OO 0.000E+OO O.OOOE+OO 0.000E+OO 1.000E-20
3.000E+OO 4.538E-03 0,000E+OO 0.000E+OO 4.538E-03 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 4.667E-03
4.000E+OO 4.766E-02 0.000E+OO 0.000E+OO 4.766E-02 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 4.880E-02
5.000E+OO 1.773E-01 0.000E+OO 0.000E+OO 1.773E-01 0.000E+OO O.OOOE+OO 0.000E+OO 2.298E-10 1.930E-01
6.000E+OO 3.724E-01 0.000E+OO 0.000E+OO 3.724E-01 0.000E+OO O.OOOE+OO 0.000E+OO 1.591E-08 4.670E-01
7.000E+OO 5.575E-01 0.000E+OO 0.000E+OO 5.575E-01 0.000E+OO 0.000E+OO 0.000E+OO 4.349E-06 8.016E-01
8.000E+OO 6.666E-01 0.000E+OO 0.000E+OO 6.665E-01 0.000E+OO 0.000E+OO 0.000E+OO 1.138E-04 1.096E+O0
9.000E+OO 7.531E-01 0.000E+OO 0.000E+OO 7.522E-01 0.000E+OO O.OOOE+OO 0.000E+OO 9.183E-04 1.416E+O0
1.000E+O1 8.212E-01 0.000E+OO 5.087E-03 8.106E-O1 0.000E+OO 0.000E+OO 0.000E+OO 5.573E-03 1.705E+O0
1.1OOE+O1 8.736E-01 O.OOOE+OO 1.706E-02 8.440E-01 0.000E+OO 0.000E+OO 0.000E+OO 1.260E-02 1.976E+O0
1.200E+01 9.160E-01 0.000E+OO 3.662E-02 8.621E-01 8.528E-11 0.000E+OO 0.000E+OO 1.879E-02 2.240E+O0
1.300E+01 9.478E-01 0.000E+OO 5.388E-02 8.862E-01 2.799E-06 0.000E+OO 0.000E+OO 2.612E-02 2.429E+O0
1.400E+01 9.703E-01 0.000E+OO 6.683E-02 9.594E-01 4.932E-05 0.000E+OO 0.000E+OO 3.181E-02 2.427E+O0
1.500E+01 9.846E-01 0.000E+OO 7.648E-02 1.085E+O0 4.283E-04 0.000E+OO 0.000E+OO 3.592E-02 2.211E+O0
1.600E+01 9.946E-01 0.000E+OO 8.473E-02 1.230E+O0 1.402E-03 0.000E+OO 0.000E+OO 3.825E-02 1.901E+O0
1.700E+01 9.996E-01 0.000E+OO 9.633E-02 1.343E+O0 3.133E-03 2.624E-08 O.OOOE+OO 3.911E-02 1.642E+O0
1.800E+01 1.004E+O0 0.000E+OO 1.162E-01 1.416E+O0 5.711E-03 1.846E-07 0.000E+OO 3.948E-02 1.481E+O0
1.900E+01 1.008E+O0 0.000E+OO 1.459E-01 1.455E+O0 8.537E-03 4.179E-06 0.000E+OO 4.013E-02 1.413E+O0
2.000E+O1 1.012E+O0 0.000E+OO 1.775E-01 1.482E+O0 1.101E-O2 2.106E-O5 0.000E+OO 4.085E-02 1.399E+O0
2.200E+01 1.018E+O0 0.000E+OO 2.202E-01 1.492E+O0 1.802E-02 9.150E-05 0.000E+OO 4.478E-02 1.589E+O0
2.400E+01 1.017E+O0 0.000E+OO 2.437E-01 1.485E+O0 2.491E-02 2.468E-04 0.000E+OO 4.875E-02 1.804E+O0
2.600E+01 1.004E+O0 0.000E+OO 2.578E-01 1.484E+O0 3.142E-02 4.850E-04 0.000E+OO 5.239E-02 1.911E+O0
2.800E+01 9.856E-01 0.000E+OO 2.712E-01 1.502E+O0 3.754E-02 7.582E-04 0.000E+OO 5.484E-02 1.913E+O0
3.000E+O1 9.855E-01 0.000E+OO 2.965E-01 1.559E+O0 4.392E-02 1.048E-03 0.000E+OO 5.725E-02 1.888E+O0
3.500E+01 9.638E-01 0.000E+OO 3.940E-01 1.569E+O0 5.654E-02 1.723E-03 0.000E+OO 5.833E-02 1.858E+O0
4.000E+O1 9.418E-01 0.000E+OO 4.590E-01 1.563E+O0 6.497E-02 2.350E-03 0.000E+OO 6.077?s-021.825E+O0
4.500E+01 9.200E-01 0.000E+OO 5.025E-01 1.603E+O0 6.816E-02 2.830E-03 0.000E+OO 6.346E-02 1.770E+O0
.5.000E+O18.983E-01 0.000E+OO 5.508E-01 1.646E+O0 7.164E-02 3.196E-03 0.000E+OO 6.769E-02 1.738E+O0
5.500E+01 8.772E-01 0.000E+OO 5.956E-01 1.684E+O0 7.476E-02 3.482E-03 0.000E+OO 7.333E-02 1.715E+O0
6.000E+O1 8.569E-01 0.000E+OO 6.41OE-O1 1.71OE+OO 7.725E-02 3.688E-03 0.000E+OO 7.893E-02 1.688E+O0
6.500E+01 8.372E-01 0.000E+OO 6.925E-01 1.742E+O0 7.868E-02 3.891E-03 0.000E+OO 8.628E-02 1.636E+O0
7.000E+O1 8.184E-01 0.000E+OO 7.344E-01 1.780E+O0 7.881E-02 4.163E-03 0.000E+OO 9.559E-02 1.536E+O0
7.500E+01 8.004E-01 0.000E+OO 7.807E-01 1.813E+O0 7.920E-02 4.41OE-O3 0.000E+OO 1.046E-01 1.508E+O0
8.000E+O1 7.834E-01 0.000E+OO 8.235E-01 1.840E+O0 8.019E-02 4.709E-03 0.000E+OO 1.134E-01 1.488E+O0
8.500E+01 7.672E-01 0.000E+OO 8.631E-01 1.866E+O0 8.120E-02 5.054E-03 0.000E+OO 1.218E-01 1.461E+O0
9.000E+O1 7.523E-01 0.000E+OO 9.051E-01 1.889E+O0 8.247E-02 5.523E-03 0.000E+OO 1.317E-01 1.447E+O0
9.500E+01 7.384E-01 0.000E+OO 9.416E-01 1.907E+O0 8.373E-02 5.990E-03 0.000E+OO 1.399E-01 1.433E+O0
1.000E+02 7.258E-01 0.000E+OO 9.790E-01 1.922E+O0 8.503E-02 6.51OE-O3 0.000E+OO 1.477E-01 1.394E+O0
1.1OOE+O2 7.043E-01 0.000E+OO 1.055E+O0 1.960E+O0 8.613E-02 7.833E-03 0.000E+OO 1.657E-01 1.320E+O0
1.200E+02 6.879E-01 0.000E+OO 1.127E+O0 1.993E+O0 8.979E-02 9.287E-03 0.000E+OO 1.806E-01 1.283E+O0
1.300E+02 6.774E-01 0.000E+OO 1.208E+O0 2.040E+O0 9.383E-02 1.112E-02 0.000E.iOO1.969E-01 1.239E+O0
1.400E+02 6.722E-01 0.000E+OO 1.282E+O0 2.094E+O0 9.830E-02 1.309E-02 0.000E+OO 2.116E-01 1.220E+O0
1.500E+02 6.721E-01 0.000E+OO 1.365E+O0 2.158E+O0 1.036E-01 1.546E-02 0.000E+OO 2.267E-01 1.216E+O0

26054 = TARGET 1000Z+A (if A=O than elemental)
1001 = PROJECTILE 1000Z+A
Aver. lab emission energies for A<5 ejectiles in MeV:
Energy neutron proton deuteron triton helium3 alpha gamma

2.000E+OO 0.000E+OO 4.915E-01”0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 3.428E+O0
3.000E+OO 0.000E+OO 1.474E+O0 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 1.565E+O0
4.000E+OO 0.000E+OO 2.433E+O0 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 1.504E+O0
5.000E+OO 0.000E+OO 3.295E+O0 0.000E+OO 0.000E+OO 0.000E+OO 1.651E+O0 1.517E+O0
6.000E+OO 0.000E+OO 3.931E+O0 0.000E+OO 0.000E+OO 0.000E+OO 2.481E+O0 1.597E+O0
7.000E+OO 0.000E+OO 4.522E+O0 0.000E+OO 0.000E+OO 0.000E+OO 3.413E+O0 1.671E+O0
8.000E+OO 0.000E+OO 4.998E+O0 0.000E+OO 0.000E+OO 0.000E+OO 4.334E+O0 1.771E+O0
9.000E+OO 0.000E+OO 5.282E+O0 0.000E+OO “0.000E+OO 0.000E+OO 5.231E+O0 1.919E+O0
1.000E+O1 7.162E-01 5.535E+O0 0.000E+OO 0.000E+OO 0.000E+OO 6.132E+O0 2.053E+O0
1.1OOE+O1 7.901E-01 5.790E+O0 0.000E+OO 0.000E+OO 0.000E+OO 6.876E+O0 2.170E+O0
1.200E+01 1.166E+O0 5.974E+O0 7.306E-01 0.000E+OO 0.000E+OO 7.331E+O0 2.246E+O0
1:3~0E+01 1.550E+00 6.101E+oo i.450E+oo o.000E+oo o.000E+oo 7.607E+oo 2.330E+oo
1.400E+01 1.920E+O0 5.973E+O0 2.358E+O0 0.000E+OO 0.000E+OO 7.831E+O0 2.366E+O0
1.500E+01 2.246E+O0 5.663E+O0 3.201E+O0 0.000E+OO 0.000E+OO 8.092E+O0 2.339E+O0
1.600E+01 2.534E+O0 5.461E+O0 3.870E+O0 0.000E+OO 0.000E+OO 8.337E+O0 2.259E+O0
1.700E+01 2.719E+O0 5.472E+O0 4.482E+O0 1.037E+O0 0.000E+oo 8.553E+O0 2.148E+O0
1.800E+01 2.686E+O0 5
1.900E+01 2.688E+O0 5
2.000E+O1 2.864E+O0 6

2.2b0E+6i 3.190E+00 6
2.400E+01 3.726E+O0 7
2.600E+01 4.207E+O0 7
2.800E+01 4.739E+O0 7

625E+O0 5.087E+O0 1.809E+O0 0.000E+OO 8.733E+O0 2.019E+O0
820E+O0 5.644E+O0 2.744E+O0 0.000E+OO 8.870E+O0 1.888E+O0
093E+O0 6.170E+O0 3.342E+O0 0.000E+OO 8.929E+O0 1.727E+O0

539E+00 7.441E+O0 4.$79E+00 0.000E+OO 9.160E+O0 1.730E+O0
069E+O0 8.712E+O0 5.269E+O0 0.000E+OO 9.458E+O0 1.889E+O0
466E+O0 9.942E+O0 6.349E+O0 0.000E+OO 9.738E+O0 2.035E+O0
784E+O0 1.113E+01 7.398E+O0 0.000E+OO 1.005E+01 2.085E+O0
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3.000E+O15.162E+O08.055E+O01.230E+018.385E+O00.000E+OO1.037E+01
3.500E+015.831E+O09.211E+O01.531E+011.053E+010.000E+OO1.125E+01
4.000E+O16.830E+O01.040E+011.850E+011.263E+010.000E+OO1.192E+01
4.500E+017.886E+O01.135E+012.136E+011.464E+010.000E+OO1.249E+01
5.000E+O18.684E+O01.215E+012.430E+011.653E+010.000E+OO1.283E+01
5.500E+019.389E+O01.289E+012.727E+011.829E+010.000E+OO1.305E+01
6.000E+O11.002E+011.360E+013.012E+011.985E+010.000E+OO1.323E+01
6.500E+011.049E+011.421E+013.278E+012.116E+010.000E+OO1.330E+01
7.000E+O11.094E+011.463E+013.491E+012.191E+010.000E+OO1.327E+01
7.500E+011.138E+011.509E+013.701E+012.229E+010.000E+OO1.325E+01
8.000E+O11.181E+011.555E+013.920E+012.248E+010.000E+OO1.325E+01
8.500E+01 1.224E+011.599E+014.128E+012.241E+010.000E+OO1.326E+01
9.000E+O11.256E+011.641E+014.300E+012.188E+010.000E+OO1.323E+01
9.500E+011.296E+011.688E+014.484E+012.142E+010.000E+OO1.326E+01
1.000E+021.331E+011.735E+014.658E+012.084E+010.000E+OO1.329E+01
1.1OOE+O21.397E+011.826E+014.838E+011.936E+010.000E+OO1.333E+01
1.200E+021.459E+011.922E+015.126E+011.807E+01O.OOOE+OO1.342E+01
1.300E+021.514E+012.008E+015.323E+011.678E+010.000E+OO1.350E+01
1.400E+021.581E+012.099E+015.524E+011.579E+010.000E+OO1.361E+01
1.500E+021.642E+012.190E+015.669E+011.491E+010.000E+OO1.373E+01

2

2.034E+O0
1.861E+O0
1.880E+O0
1.899E+O0
1.892E+O0
1.912E+O0
1.874E+O0
1.871E+O0
1.872E+O0
1.856E+O0
1.845E+O0
1.824E+O0
1.828E+O0
1.843E+O0
1.825E+O0
1.887E+O0
1.91OE+OO
1.91OE+OO
1.901E+O0
1.924E+O0
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EVALUATION OF p + 56Fe CROSS SECTIONS FOR THE ENERGY
RANGE 1 to 150 MeV

M. B. Chadwick, P. G. Young, and A. J. Koning
22 October 1996

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
neutron energy range from 1 to 150 MeV. Production cross
sections and emission spectra are given for neutrons, protons,
deuterons, tritons, alpha particles, gamma rays, and all
residual nuclides produced (A>5) in the reaction chains.

To summarize, the ENDF sections with non-zero data are:

MF=3 MT= 2

MT= 5

MF=6 MT= 2

MT= 5

Integral of nuclear plus interference components
of the elastic scattering cross section

Sum of binary (n,n’) and (n,x) reactions

Elastic angular distributions given as ratios of
the differential nuclear-plus-interference to the
integrated value.

Production cross sections and enerqy-anqle
distributions for emission neutron~~ pr~tons,
deuterons, and alphas; and angle-integrated
spectra for gamma rays and residual nuclei that
are stable against particle emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
Fe56 and p + Fe56 reactions (Ch96a) . We use the GNASH code
system (Y092) , which utilizes Hauser-Feshbach statistical,
preequilibrium and direct-reaction theories. Spherical optical
model calculations are used to obtain particle transmission
coefficients for the Hauser-Feshbach calculations, as well as
for the elastic neutron angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions that exceed a cross section of
approximately 1 nb at any energy. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A model was developed to calculate the energy distributions of

all recoil nuclei in the GNASH calculations (Ch96b) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. Note
that all other data in MT=5,MF=6 are given in the center-of-mass
system. This method of representation requires a modification of
the original ENDF-6 format, i.e., we use LCT.3 with LAW I to
indicate that data for the heavy recoils are in the lab system
but all other reactions are in the cm system.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85) , validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were
using the formulation of
parameters from the Cook

matched to continuum level densities
Ignatyuk (Ig75) and pairing and shell
(C067) analysis. Neutron and charged-



particle transmission coefficients were obtained from the
optical potentials, as discussed below. Gamma-ray transmission
coefficients were calculated using the Kopecky-Uhl model (K090) .

Direct reaction cross sections to discrete states were
calculated with the ECIS95 code [Re95] using deformation
parameters compiled in Nuclear Data Sheets.

The optical model potential of Arthur et al. (Ar80) was used
to calculate transmission coefficients with the SCAT2 code
(Be92) for neutrons up to an energy of 26 MeV. Between 26 and
52 MeV, the imaginary volume component of Arthur’s potential was
modified to better account for nonelastic cross section
measurements, and above 52 MeV the Semmering potential of
Madland (Ma88) was used. For protons, the Beccetti-Greenlees
potential (Be69) was utilized for both transmission coefficients
and scattering and reaction cross sections below 28 MeV, and the
Madland potential (Ma88) was used at higher energies. The
global spherical potential of Perey (Pe63) was utilized for
deuteron transmission coefficients, and the potential of
Beccetti-Greenlees (Be) was adopted for tritons. Finally, the
alpha potential of Lemos (Le72) , as adapted by Arthur et al.
(Ar80) , was used for alpha particles.
MT=2 elastic scattering data in MF=3 and MF=6 are based on

optical model calculations with the SCAT2 code (Be92) . We have
made use of the IInuclear-plus-interference” OptiOn in MF=6/
which corresponds to LAW=5, LTP=12, and the appropriate
integrated cross section is stored in MF=3. Note that because
of the interference effect, the tabulations in both MF=6 and
MF=3 can be negative at some energies and angles.

**************** **************** **************** ****************

REFERENCES

[Ar80 ] . E.D. Arthur and P.G. Young, ‘Evaluation of Neutron
Cross Sections to 40 MeV for 54,56Fe, ” Proc. Sym. on Neutron
Cross Sections from 10 to 50 MeV, 12-14 May 1980, Brookhaven
National Laboratory [Eds. M. R. Bhat and S. Pearlstein, BNL-NCS-
51245, 1980] p. 731.

[Be69] . F.D. Becchetti, Jr., and G.W. Greenlees, Phys. Rev.
182, 1190 (1969).

[Be71] . F.D. Becchetti, Jr., and G.W. Greenlees in
Ilpolarization phenomena in Nuclear Reactions, “ (Ed: H.H.
Barschall and W. Haeberli, The University of Wisconsin Press,
1971) p.682.

[Be92] . 0. Bersillon, “SCAT2 - A Spherical Optical Model Code, “
in Proc. ICTP Workshop on Computation and Analysis of Nuclear
Data Relevant to Nuclear Energy and Safety, 10 February-13
March, 1992, Trieste, Italy, to be published in World Scientific
Press, and Progress Report of the Nuclear Physics Division,
Bruyeres-le-Chatel 1977, CEA-N-2037, p.111 (1978).

[Ch93]. M. B. Chadwick and P. G. Young, llFeshbach-Kerman-KOOnin
Analysis of 93Nb Reactions: P --> Q Transitions and Reduced
Importance of Multistep Compound Emission, ” Phys. Rev. C 47,
2255 (1993).

[Ch96a] . M. B. Chadwick and P. G. Young, “GNASH Calculations of



n~P + 54,56/57,58Fe and Benchmarking of Results” in APT PROGRESS
REPORT: 1 August - 1 Septefier 1996, internal Los Alamo~
National Laboratory memo T-2-96/MS-52, 6 Aug. 1996 from R.E.
MacFarlane to L. Waters.

[Ch96bl . M. B. Chadwick, P. G. Young, R. E. MacFarlane, and A.
J. Koning, llHigh.Energy Nuclear Data Libraries for Accelerator-

Driven Technologies: Calculational Method for Heavy Recoils, “
Proc. of 2nd Int. Conf. on Accelerator Driven Transmutation
Technology and Applications, Kalmar, Sweden, 3-7 June 1996.

[C067] . J. L. Cook, H. Ferguson, and A. R. Musgrove, I!Nuclear
Level Densities in Intermediate and Hea~’ Nuclei, ” Aust.J.Phys.
20, 477 (1967).

[Ig75] . A. V. Ignatyuk, G. N. Smirenkin, and A. S. Tishin,
“Phenomenological Description of the Energy Dependence of the
Level Density Parameter, ” Sov. J. Nucl. Phys. 21, 255 (1975) .

[Ka77] . C. Kalbach, “The Griffin Model, Complex Particles and
Direct Nuclear Reactions,’[ Z.Phys.A 283, 401 (1977) .

[Ka85] . C. Kalbach, “PREC!O-D2: Program for Calculating
Preequilibrium and Direct Reaction Double Differential Cross
Sections, “ Los Alamos National Laboratory report LA-10248-MS
(1985) .

[Ka881 . C. Kalbach, “Systematic of Continuum Angular
Distributions : Extensions to Higher Energies, ” Phys.Rev.C 37,
2350 (1988); see also C. Kalbach and F. M. Mann, “Phenomenology
of Continuum Angular Distributions. I. Systematic and
parameterization, ” phys.Rev.c 23, 112 (1981) .

[K090] . J. Kopecky and M. Uhl, “Test of Gamma-Ray Strength
Functions in Nuclear Reaction Model Calculations, “ Phys.Rev.C
42, 1941 (1990).

t .

[Le72]. O. F. Lemos, “Diffusion Elastique de Par.ticules Alpha
de 21 a 29.6 MeV sur des Noyaux de la Region Ti-Zn,’l Orsay
report, serieS A, No. 136 (1976) .

[Ma88] . D.G. Madland, I!Recent Results in the Development of a
Global Medium-Energy Nucleon-Nucleus Optical-Model Potential, ”
Proc. OECD/NEANDC Specialist’s Mtg. on Preequilibrium Nuclear
Reactions, Semmering, Austria, 10-12 Feb. 1988, NEANDC-245 ‘U’
(1988) .

[Pe63] . C. M. Perey and F. G. Perey, Phys. Rev. 132, 755 (1963) .

[Re951 . J. Raynal, !lNotes on EC1S94, 1!CEA informal
report,Saclay l’””’)

[Y092]. P. G.
“Comprehend ive
Theory and Use

\J->za] .

Young, E. D. Arthur, and M. B. Chadwick,
Nuclear Model Calculations: Introduction to the
of the GNASH Code,” LA-12343-MS (1992) .



pfe56.la150 .xsinfo Wed Sep 30 11:40:35 1998 1

26056= TARGET 1000Z+A (if A.O then elemental)
1001 = PROJECTILE 1000Z+A
Nonelastic, elastic, and Production cross sections for A<5 ejectiles in barns:
Enerpy nonelas elastic neutron proton deuteron triton helium3 alpha ganuna

.—— .,,..,.. “,,, ,,
2.000E+OO 3.407E-04 O.OOOE+OO’O.O~OE+OO3.407E-040.000E+OO0.000E+OO0.000E+OO0.000E+OO5.371E-04
3.000E+OO1.104E-O20.000E+OO0.000E+OO1.104E-O20.000E+OO0.000E+OO0.000E+OO1.212E-121.130E-02
4.000E+OO8.287E-020.000E+OO0.000E+OO8.287E-020.000E+OO0.000E+OO0.000E+OO3.346E-088.427E-02
5.000E+OO2.361E-010.000E+OO0.000E+OO2.361E-010.000E+OO0.000E+OO0.000E+OO1.002E-052.576E-01
6.000E+OO4.436E-010.000E+OO6.221E-023.81OE-O10.000E+OO0.000E+OO0.000E+OO3.424E-045.437E-01
7.000E+OO6.204E-010.000E+OO1.593E-014.595E-010.000E+OO0.000E+OO0.000E+OO1.613E-038.995E-01
8.000E+OO7.063E-010.000E+OO2.080E-014.899E-010.000E+OO0.000E+OO0.000E+OO8.384E-031.190E+O0
9.000E+OO7.743E-010.000E+OO2.394E-015.183E-010.000E+OO0.000E+OO0.000E+OO1.657E-021.464E+O0
1.000E+O18.318E-010.000E+OO2.680E-015.41OE-O12.034E-080.000E+OO0.000E+OO2.273E-021.741E+O0
1.1OOE+O18.790E-010.000E+OO2.903E-015.582E-016.560E-060.000E+OO0.000E+OO3.050E-022.006E+O0
1.200E+019.188E-010.000E+OO 3.115E-01 5.690E-01 1.232E-04 0.000E+OO 0.000E+OO 3.823E-02 2.253E+O0
1.300E+01 9.492E-01 0.000E+OO 3.306E-01 5.897E-01 8.188E-04 7.007E-11 0.000E+OO 4.554E-02 2.415E+O0
1.400E+01 9.711E-01 0.000E+OO 3.487E-01 6.494E-01 2.301E-03 2.899E-07 0.000E+OO 5.144E-02 2.420E+O0
1..5OOE+O1 1.012E+O0 0.000E+OO 3.971E-01 7.349E-01 4.858E-03 7.468E-06 0.000E+OO 5.648E-02 2.389E+O0
1.600E+01 1.036E+O0 0.000E+OO 4.657E-01 8.063E-01 7.989E-03 3.583E-05 0.000E+OO 5.970E-02 2.253E+O0
1.700E+01 1.055E+O0 0.000E+OO 5.499E-01 8.535E-01 1.222E-02 8.939E-05 0.000E+OO 6.179E-02 2.133E+O0
1.800E+011.072E+O00.000E+OO6.266E-018.916E-011.679E-021.912E-040.000E+OO6.347E-022.074E+O0
1.900E+011.085E+O00.000E+OO6.805E-019.266E-012.139E-023.558E-040.000E+OO6.494E-022.099E+O0
2.000E+O11.094E+O00.000E+OO7.143E-019.496E-012.689E-025.737E-040.000E+OO 6.672E-02 2.137E+O0
2.200E+01 1.103E+OO 0.000E+OO 7.589E-01 9.750E-01 3.532E-02 1.105E-O3 0.000E+OO 7.214E-02 2.362E+O0
2.400E+01 1.102E+OO 0.000E.+00 7.920E-01 9.749E-01 4.291E-02 1.654E-03 0.000E+OO 8.065E-02 2.540E+O0
2.600E+01 1.092E+O0 0.000E+OO 8.286E-01 9.835E-01 4.983E-02 2.061E-03 0.000E+OO 8.795E-02 2.571E+O0
2.800E+01 1.077E+O0 0.000E+OO 8.667E-01 1.009E+O0 5.312E-02 2.580E-03 0.000E+OO 9.096E-02 2.518E+O0
3.000E+O1 1.060E+O0 0.000E+OO 8.987E-01 1.040E+O0 5.774E-02 3.025E-03 0.000E+OO 9.029E-02 2.457E+O0
3.500E+01 1.017E+O0 0.000E+OO 9.375E-01 1.133E+O0 6.863E-02 3.982E-03 0.000E+OO 8.309E-02 2.277E+O0
4.000E+O1 9.800E-01 0.000E+OO 9.724E-01 1.191E+O0 7.559E-02 4.61OE-O3 0.000E+OO8.073E-022.187E+O0
4.500E+01 9.51OE-O1 0.000E+OO 1.040E+O0 1.236E+O0 8.051E-02 5.032E-03 0.000E+OO 8.173E-02 2.083E+O0
5.000E+Ol 9.250E-01 0.000E+OO 1.114E+O0 1.291E+O0 8.360E-02 5.345E-03 0.000E+OO 8.539E-02 2.000E+OO
5.500E+01 8.980E-01 0.000E+OO 1.179E+O0 1.337E+O0 8.397E-02 5.542E-03 0.000E+OO 8.984E-02 1.917E+O0
6.000E+O1 8.730E-01 0.000E.tOO 1.253E+O0 1.390E+O0 8.380E-02 5.812E-03 0.000E+OO 9.949E-02 1.856E+O0
6.500E+01 8.520E-01 0.000E+OO 1.321E+O0 1.438E+O08.504E-026.147E-030.000E+OO1.093E-011.807E+O0
7.000E+Ol8.340E-010.000E+OO1.371E+O01.479E.I.008.673E-026.604E-030.000E+OO1.197E-011.721E+O0
7.500E+018.1OOE-O10.000E+OO1.416E+O01.505E+O08.722E-027.009E-030.000E+OO1.275E-011.677E+O0
8.000E.I.017.900E-010.000E+OO1.462E+O01.!529E+O08.800E-027.500E-030.000E+OO1.352E-011.640E+O0
8.500E.tOl7.740E-010.000E+OO1.517E+O01.562E+O08.865E-028.214E-030.000E+OO1.450E-011.583E+O0
9.000E.tOl7.530E-010.000E+OO1.540E+O01.575E+O08.932E-028.812E-030.000E+OO1.51OE-O11.541E+O0
9.500E+017.340E-010.000E+OO1.563E+O01.582E+O08.992E-029.478E-030.000E+OO1.563E-011.504E+O0
1.000E+027.190E-010.000E+OO1.599E+O01.604E+O08.947E-021.042E-020.000E+OO1.642E-011.469E+O0
1.1OOE+O26.980E-01 0.000E+OO 1.661E+O0 1.636E+O0 9.261E-02 1.224E-02 0.000E+OO 1.777E-01 1.403E+O0
1.200E+02 6.850E-01 0.000E+OO 1.741E+O0 1.681E+O09.643E-021.458E-020.000E+OO1.929E-011.377E+O0
1.300E+026.770E-010.000E+OO1.817E+O01.726E+O01.O1OE-O11.708E-020.000E+OO2.067E-011.352E+O0
1.400E+026.720E-010.000E+OO1.896E+O01.775E+O01.060E-012.003E-020.000E+OO2.212E-011.330E+O0
1.500E+026.690E-010.000E+OO1.96,5E+O01.825E+O01.104E-O12.307E-020.000E+OO2.347E-011.299E+O0

26056 = TARGET 1000Z+A (if A=O then elemental)
1001 = PROJECTILE 1000Z+A
Aver. lab emission energies for A<5 ejectiles in MeV:
Energy neutron proton deuteron triton helium3 alpha Wlnmla

2.000E+OO 0.000E+OO 9.831E-01 0.000E+OO0.000E+OO0.000E+OO0.000E+OO1.893E+O0
3.000E+OO0.000E+OO1.966E+O00.000E+OO0.000E+OO0.000E+OO1.702E+O08.345E-01
4.000E+OO0.000E+OO2.929E+O00.000E+OO0.000E+OO0.000E+OO2.640E+O07.740E-01
5.000E+OO0.000E+oO3.776E+O00.000E+OO0.000E+OO0.000E+OO3.416E+O08.443E-01
6.000E+OO 4.930E-01 4.272E+O0 0.000E+oO 0.000E.+00 0.000E+OO 4.366E+O0 1.O1lE+OO
7.000E+OO 9.226E-01 4.636E+O0 0.000E+OO 0.000E+OO 0.000E+OO 5.255E+O0 1.148E+O0
8.000E+OO 1.420E+O0 5.070E+00 0.000E+OO 0.000E+OO 0.000E+OO 6.142E+O0 1.256E+O0
9.000E+OO1.788E+O05.414E+O00.000E+OO0.000E+OO0.000E+OO6.898E+O01.427E+O0
1.000E+O12.039E+O05.708E+O07.584E-010.000E+OO0.000E+OO7.427E+O01.602E+O0
1.1OOE+.O12.242E+O06.027E+O01.646E+O00.0L3LlE+O00.000E+oO 7.653E+O0 1.767E+O0

1.200E+012.411E+O06.334E+O02.579E+O00.000E+OO0.000E+.007.840E+O01.929E+O0
1.300E+012.562E+O06.478E+O03.384E+O07.736E-010.000E+OO8.062E+O02.084E+O0
1.400E+012.630E+O06.316E+O03.954E+O01.674E+O00.000E+OO8.287E+O02.212E+O0
1.500E+012.636E+O06.167E+O04.565E+O02.596E+O0 0.000E+OO8.482E+O02.253E+O0
1.600E+01 2.566E+O0 6.107E+OO 5.089E+O0 3.416E+O0 0.000E+OO 8.654E+O0 2.198E+O0
1.700E+01 2.499E+O0 6.254E+O0 5.724E+O0 3.842E+O0 0.000E+OO 8.806E+O0 2.078E+O0
1.800E+01 2.531E+O0 6.475E+O0 6.370E+O0 4.272E+O0 0.000E+OO 8.952E+O0 1.940E+O0
1.900E+Ol 2.647E+O0 6.729E+O0 7.00IE+OO 4.615E+O0 0.000E+OO 9.092E+O0 1.825E+O0
2.000E+O1 2.797E+O0 7.033E+O0 7.711E+O0 4.969E+O0 0.000E+OO 9.211E+O0 1.821E+O0

2.2t)0E+013.132E+O07.660E+O08.890E+O05.979E.tOO0.000E+OO9.387E+O01.842E+O0
2.400E+013.435E+O08.316E+O01.O1lE+O16.970E+O00.000E+OO9.505E+O01.929E+O0
2.600E+013.693E+O08.903E+O0 1.128E+01 7.901E+O0 0.000E+OO 9.703E+O0 1.952E+O0
2.800E+01” 3.916E+O0 9.423E+O0 1.222E+01 8.798E+O00.000E+OO9.974E+O01.912E+O0

I
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3.000E+O1 4.154E+o0 9.866E+O0 1.324E+01
3.500E+01 4.874E+O0 1.094E+01 1.630E+01
4.000E+O1 5.587E+O0 1.21OE+O1 1.946E+01
4.500E+01 6.143E+O0 1.323E+01 2.265E+01
5.000E+O1 6.617E+O0 1.409E+01 2.561E+01
_5.500E+Ol 7.055E+O0 1.484E+01 2.814E+01
6.000E+O1 7.350E+O0 1.532E+01 3.045E+01
6.500E+01 7.644E+O0 1.576E+01 3.291E+01
7.000E+O1 8.025E+O0 1.623E+01 3.514E+01
7.500Z+01 8.366E+O0 1.669E+01 3.735E+01
S.000E+O1 8.697E+O0 1.718E+01 3.946E+01
8.500E+01 8.967E+O0 1.759E+01 4.094E+01
9.000E+O1 9.323E+O0 1.807E+01 4.288E+01
9.500E+01 9.664E+O0 1.859E+01 4.463E+01
1.000E+02 9.956E+O0 1.902E+01 4.519E+01
1.1OOE+O2 1.060E+01 2.007E+01 4.824E+01
1.200E+02 1.117E+01 2.106E+O1 5.036E+01
1.300E+02 1.178E+01 2.21OE+O1 5.276E+01
1.400E+02 1.236E+01 2.309E+01 5.456E+01
1.500E+02 1.301E+01 2.413E+01 5.592E+01

9.680E+O00.000E+OO1.027E+011.851E+O0
1.179E+010.000E+OO1.101E+O11.774E+O0
1.378E+010.000E+OO1.151E+011.777E+O0
1.567E+010.000E+OO1.187E+011.826E+O0
1.739E+010.000E+OO1.21OE+O11.844E+O0
1.886E+010.000E+OO1.227E+011.864E+O0
1.984E+010.000E+OO1.224E+011.872E+O0
2.047E+010.000E+OO1.225E+011.867E+O0
2.053E+010.000E+OO1.225E+011.793E+O0
2.059E+010.000E+OO1.229E+011.774E+O0
2.042E+010.000E+OO1.233E+011.770E+O0
1.985E+010.000E+OO1.235E+011.775E+O0
1.941E+010.000E+OO1.241E+011.785E+O0
1.890E+010.000E+OO1.248E+011.782E+O0
1.817E+010.000E+OO1.253E+011.804E+O0
1.707E+010.000E+OO1.264E+011.817E+O0
1.594E+010.000E+OO1.273E+011.81OE+OO
1.505E+010.000E+OO1.285E+011.806E+O0
1.425E+010.000E+OO1.295E+011.811E+O0
1.365E+010.000E+OO1.304E+011.842E+O0
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p+ 56Fe angle-integrated emission spectra
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EVALUATION OF p + 57Fe CROSS SECTIONS FOR THE ENERGY
RANGE 1 to 150 MeV

M. B. Chadwick, P. G. Young, and A. J. Koning
22 October 1996

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
neutron energy range from 1 to 150 MeV. Production cross
sections and emission spectra are given for neutrons, protons,
deuterons, tritons, alpha particles, gamma rays, and all
residual nuclides produced (A>5) in the reaction chains.

To summarize, the ENDF sections with non-zero data are:

MF=3 MT= 2

MT= 5

MF=6 MT= 2

MT= 5

Integral of nuclear plus interference components
of the elastic scattering cross section

Sum of binary (n,n’) and (n,x) reactions

Elastic angular distributions given as ratios of
the differential nuclear-plus-interference to the
integrated value.

Production cross sections and energy-angle
distributions for emission neutrons, protons,
deuterons, and alphas; and angle-integrated
spectra for gamma rays and residual nuclei that
are stable against particle emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
Fe56 and p + Fe56 reactions (Ch96a) . We use the GNASH code
system (Y092) , which utilizes Hauser-Feshbach statistical,
preequilibrium and direct-reaction theories. Spherical optical
model calculations are used -to obtain particle transmission
coefficients for the Hauser-Feshbach calculations, as well as
for the elastic neutron angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions that exceed a cross section of
approximately 1 nb at any energy. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A model was developed to calculate the energy distributions of

all recoil nuclei in the GNASH calculations (Ch96b) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. Note
that all other data in MT=5,MF.6 are given in the center-of-mass
system. This method of representation requires a modification of
the original ENDF-6 format, i.e., we use LCT=3 with LAW-1 -to
indicate that data for the heavy recoils are in the lab system
but all other reactions are in the cm system.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85) , validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyuk (Ig75) and pairing and shell
parameters from the Cook (C067) analysis. Neutron and charged-



particle transmission coefficients were obtained from the
optical potentials, as discussed below. Gamma-ray transmission
coefficients were calculated using ‘the Kopecky-Uhl model (K090) .

Direct reaction cross sections to discrete states were
calculated with the ECIS95 code [Re95] using deformation
parameters compiled in Nuclear Data Sheets.

The optical model potential of Arthur et al. (Ar80) was used
to calculate transmission coefficients with the SCAT2 code
(Be92) for neutrons up to an energy of 26 MeV. Between 26 and
52 MeV, the imaginary volume component of Arthur’s potential was
modified to better account for nonelastic cross section
measurements, and above 52 MeV the Semmering potential of
Madland (Ma88) was used. For protons, the Beccetti-Greenlees
potential (Be69) was utilized for both transmission coefficients
and scattering and reaction cross sections below 28 MeV, and the
Madland potential (Ma88) was used at higher energies. The
global spherical .potential of Perey (Pe63) was utilized for
deuteron transmission coefficients, and the potential of
Beccetti-Greenlees (Be) was adopted for tritons. Finally, the
alpha potential of Lemos (Le72) , as adapted by Arthur et al.
(Ar80) , was used for alpha particles.
MT=2 elastic scattering data in MF=3 and MF=6 are based on

optical model calculations with the SCAT2 code (Be92) . We have
made use of the Ilnuclear-plus-interference” option in MF=6,

which corresponds to LAW=5, LTP=12, and the appropriate
integrated cross section is stored in MF=3. Note that because
of the interference effect, the tabulations in both MF=6 and
MF=3 can be negative at some energies and angles.

**************** **************** **************** ****************
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26057 = TAAGET 1000Z+A (if A=O then elemental)
1001 = PROJI?CTILE 1000z+A
Nonelastic, elastic, and Production cross sections for A<5 ejectiles in barns:
Energy nonelas elastic neutron proton deuteron

2.000E+OO4.183E-030.000E+OO2.761E-031.422E-030.000E+OO
3.000E+OO4.940E-020.000E+OO2.786E-022.153E-020.000E+OO
4.000E+OO2.054E-010.000E+OO1.486E-015.689E-020.000E+OO
5.000E+OO3.721E-010.000E+OO2.491E-011.228E-010.000E+OO
6.000E+OO5.387E-010.000E+OO3.397E-011.974E-010.000E+OO
7.000E+OO6.592E-010.000E+OO4.024E-012.486E-011.614E-06
8.000E+OO7.212E-010.000E+OO4.179E-012.867E-012.705E-05
9.000E+OO7.81OE-O10.000E+OO4.525E-013.032E-013.157E-04
1.000E+O18.351E-010.000E+OO4.809E-013.616E-011.302E-03
1.1OOE+O18.807E-010.000E+OO5.049E-014.623E-013.lllE-03
1.200E+019.197E-010.000E+OO5.390E-015.702E-016.121E-03
1.300E+019.497E-010.000E+OO5.841E-016.585E-011.O1lE-02
1.400E+019.713E-010.000E+OO6.418E-017.137?3-011.473E-02
1.500E+019.851E-010.000E+OO7.192E-017.207E-011.961E-02
1.600E+019.948E-010.000E+OO7.922E-017.lllE-012.405E-02
1.700E+019.997E-010.000E+OO8.432E-017.025E-012.867E-02
1.800E+011.004E+O00.000E+OO8.797E-016.991E-013.261E-02
1.900E+011.008E+O00.000E+OO9.057E-016.981E-013.636E-02
2.000E+O11.012E+O00.000E+OO9.168E-017.029E-013.935E-02
2.200E+011.018E+O00.000E+OO9.432E-017.143E-014.678E-02
2.400E+011.017E+O00.000E+OO9.774E-017.446E-015.31OE-O2
2.600E+011.004?3+000.000E+OO1.021E+O07.746E-015.887E-02
2.800E+019.856E-010.000E+OO1.054E+O08.059E-016.408E-02
3.000E+O19.855E-010.000E+OO1.112E+O08.506E-016.954E-02
3..5OOE+O19.638E-010.000E+OO1.203E+O09.162E-017.832E-02
4.000E+O19.418E-010.000E+OO1.264E+O09.560E-018.475E-02
4.500E+019.200E-010.000E+OO1.315E+O01.008E+O08.515E-02
5.000E+O18.983E-010.000E+OO1.391E+O01.067E+O08.826E-02
5.500E+018.772E-010.000E+OO1.458E+O01.119E+O08.962E-02
6.000E+O18.569E-010.000E+OO1.540E+O01.169E+O09.047E-02
6.500E+018.372E-010.000E+OO1.621E+O01.218E+O09.101E-O2
7.000E+O18.184E-010.000E+OO1.656E+O01.258E+O09.253E-02
7.500E+018.004E-010.000E+OO1.707E+O01.285E+O09.324E-02
8.000E+O17.834E-010.000E+OO1.756E+O01.318E+O09.361E-02
8.500E+01 7.672E-01 0.000E+OO 1.801E+O0 1.340E+O0 9.235E-02
9.000E+O1 7.523E-01 0.000E+OO 1.826E+O0 1.360E+O0 9.285E-02
9.500E+01 7.384E-01 0.000E+OO 1.873E+O0 1.383E+O0 9.404E-02
1.000E+02 7.258E-01 0.000E+OO 1.905E+O0 1.401E+00 9.554E-02
1.1OOE+O2 7.043E-01 0.000E+OO 1.962E+O0 1.443E+O0 9.813E-02
1.200E+02 tj.879E-01 0.000E+OO 2.020E+O0 1.487E+O0 1.020E-01
1.300E+02 6.774E-01 0.000E+OO 2.069E+O0 1.520E+O0 1.056E-01
1.400E+02 6.722E-01 0.000E+OO 2.139E+O0 1.563E+O0 1.1OOE-O1
1.500E+02 6.721E-01 0.000E+OO 2.220E+O0 1.614E+O0 1.131E-01

26057 = T-GET 1000Z+A (if A=O then elemental)
1001 = PROJECTILE 1000Z+A
Aver. lab emission energies for A<5 ejectiles in MeV:
Energy neutron proton deuteron triton helium3

2.000E+OO 1.848E-01 1.781E+O0 0.000E+OO O.OOOE+OO ’O.OOOE+OO
3.000E+OO 1.224E+O0 2.699E+O0 0.000E+OO 0.000E+OO 0.000E+OO
4.000E+OO 1,000E+OO 3.475E+O0 0.000E+OO 0.000E+OO 0.000E+OO
5.000E+OO 1.378E+O0 4.179E+O0 0.000E+OO 0.000E+OO 0.000E+OO
6.000E+OO 1.695E+O0 4.864E+O0 0.000E+OO 0.000E+OO 0.000E+OO
7.000E+OO 1.983E+O0 5.395E+O0 1.455E+O0 0.000E+OO 0.000E+OO
8.000E+OO 2.216E+O0 6.070E+O0 2.256E+O0 0.000E+OO 0.000E+OO
9.000E+OO 2.418E+O0 6.268E+O0 3.097E+O0 0.000E+OO 0.000E+OO
1.000E+O1 2.584E+O0 5.872E+O0 3.763E+O0 0.000E+OO 0.000E+OO
1.1OOE+O1 2.701E+O0 5.395E+O0 4.385E+O0 0.000E+OO 0.000E+OO
1.200E+01 2.713E+O0 5.196E+O0 4.897E+O0 1.430EwO0 0.000E+OO
1.30!MM.01 2..?2xE+w .5.26+M+4HI 5:437E+OG 2.3i8X+Ofl (i.CWi3+Oe

1.400E+01 2.676E+O0 5.443E+O0 5.995E+O0 3.132?3+00 0.000E+OO
1.500E+01 2.613E+O0 5.771E+O0 6.579E+O0 3.716E+O0 0.000E+OO
1.600E+01 2.612E+O0 6.158E+O0 7.178E+O0 4.143E+O0 0.000E+OO
1.700E+01 2.679E+O0 6.555E+O0 7.792E+O0 4.597E+O0 0.000E+OO
1.800E+01 2,782E+O0 6.945E+O0 8.349E+O0 5.051E+O0 0.000E+OO
1.900E+01 2,916E+O0 7.338E+O0 8.908E+O0 5.528E+O0 0.000E+OO
2.000E+O13.065E+O07.822E+O09.485E+O06.00IE+OO0.000E+OO
2.200E+013.373E+O08.470E+O01.066E+016.964E+O00.000E+OO
2.400E+013.595E+O09.063E+O01.179E+017.888E+O00.000E+OO
2.600E+013.766E+O09.5113E+O01.292E+018.774E+O00.000E+OO
2.800E+013.955E+O09.995E+O01.404E+019.606E+O00.000E+OO

triton helium3 alpha galssla

0.000E+OO0.000E+OO5.O35E-10 2.050E-03
0.000E+OO 0.000E+OO 2.117E-07 3.253E-02
0.000E+OO 0.000E+OO 6.095E-06 2.545E-01
0.000E+OO 0.000E+OO 2.190E-04 5.525E-01
0.000E+OO 0.000E+OO 1.521E-03 9.050E-01
0.000E+OO 0.000E+OO 8.181E-03 1.223E+O0
0.000E+OO 0.000E+OO 1.668E-02 1.447E+00
0.000E+OO 0.000E+OO 2.801E-02 1.705E+O0
0.000E+OO 0.000E+OO 3.832E-02 1.872E+O0
0.000E+OO 0.000E+OO 4.619E-02 1.949E+O0
2.144E-07 0.000E+OO 5.236E-02 1.977E+O0
5.159E-06 0.000E+OO 5.655E-02 1.982E+O0
4.843E-05 0.000E+OO 5.944E-02 1.985E+O0
L.437E-04 0.000E+OO 6.141E-02 2.007E+O0
2.935E-04 0.000E+OO 6.335E-02 2.073E+O0
4.963E-04 0.000E+OO 6.622E-02 2.173E+O0
7.482E-04 0.000E+OO 6.925E-02 2.293E+O0
1.038E-03 0.000E+OO 7.238E-02 2.417E+O0
1.357E-03 0.000E+OO 7.493E-02 2.489E+O0
2.020E-03 0.000E+OO 8.059E-02 2.678E+O0
2.661E-03 0.000E+OO 8.329E-02 2.679E+O0
3.266E-03 0.000E+OO 8.372E-02 2.573E+O0
3.825E-03 0.000E+OO 8.170E-02 2.462E+O0
4.340E-03 0.000E+OO 8.104E-O2 2.390E+O0
5.255E-03 0.000E+OO 8.117E-02 2.335E+O0
5.879E-03 0.000E+OO 8.354E-02 2.342E+O0
6.212E-03 0.000E+OO 8.502E-02 2.245E+O0
6.545E-03 0.000E+OO 8.976E-02 2.147E+O0
6.798E-03 0.000E+OO 9.601E-02 2.064E+O0
7.170E-03 0.000E+OO 1.060E-01 1.967E+O0
7.696E-03 0.000E+OO 1.170E-01 1.905E+00
8.220E-03 0.000E+OO 1.254E-01 1.816E+O0
8.804E-03 0.000E+OO 1.332E-01 1.757E+O0
9.618E-03 0.000E+OO 1.420E-01 1.748E+O0
1.040E-02 0.000E+OO 1.490E-01 1.709E+O0
1.116E-02 0.000E+OO 1.543E-01 1.659E+O0
1.227E-02 0.000E+OO 1.621E-01 1.632E+O0
1.328E-02 0.000E+OO 1.678E-01 1.605E+O0
1.550E-02 0.000E+OO 1.796E-01 1.554E+O0
1.822E-02 0.000E+OO 1.925E-01 1.496E+O0
2.099E-02 0.000E+OO 2.034E-01 1.451E+O0
2.438E-02 0.000E+OO 2.169E-01 1.453E+O0
2.789E-02 0.000E+OO 2.298E-01 1.427E+O0

alpha mmsla

2.093E+O0 2.983E-01
2.996E+O0 2.450E-01
3.752E+O0 9.224E-01
4.624E+O0 1.064E+O0
5.473E+O0 1.216E+O0
6.287E+O0 1.392E+O0
6.869E+O0 1.528E+O0
7.348E+O0 1.734E+O0
7.742E+O0 1.858E+O0
8.051E+O0 1.856E+O0
8.294E+O0 1.785E+O0
i3i5t113w00-i-.673wOO-
8.664E+O0 1.572E+O0
8.805E+O0 1.497E+O0
8.916E+O0 1.468E+O0
8.989E+O0 1.484E+O0
9.076E+O0 1.533E+O0
9.186E+O0 1.594E+O0
9.326E+O0 1.723E+O0
9.581E+O0 1.859E+O0

9.863E+O0 1.894E+O0

1.015E+01 1.852E+O0
1.045E+01 1.803E+O0
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3.000E+O1 4.147E+O0 1.043E+01 1.519E+01 1.042E+01 0.000E+OO
3..5OOE+O1 4.682E+O0 1.188E+01 1.817E+01 1.233E+01 0.000E+OO
4.000E+O1 .5.250E+O0 1.334E+01 2.135E+01 1.423E+01 0.000E+OO
4.500E+01 5.760E+O0 1.488E+01 2.414E+01 1.601E+01 0.000E+OO
5.000E+O1, 6.212E+O0 1.557E+01 2.699E+01 1.761E+01 0.000E+OO
5.500E+01 6.584E+O0 1.632E+01 2.974E+OI 1.884E+01 0.000E+OO
6.000E+O1 6.861E+O0 1.679E+01 3.226E+01 1.952E+01 0.000E+OO
6.500E+01 7.102E+OO 1.713E+01 3.442E+01 1.962E+01 0.000E+OO
7.000E+O1 7.514E+O0 1.761E+01 3.690E+01 1.974E+01 0.000E+OO
7.500E+01 7.833E+O0 1.819E+01 3.908E+01 1.963E+01 0.000E+OO
8.000E+O1 8.127E+O0 1.862E+01 4.075E+01 1.906E+01 0.000E+OO
8.500E+01 8.428E+O0 1.924E+01 4.195E+01 1.869E+01 0.000E+OO
9.000E+O1 8.735E+O0 2.000E+O1 4.381E+01 1.825E+01 0.000E+OO
9.500E+01 8.987E+O0 2.042E+01 4.513E+01 1.757E+01 0.000E+OO
1.000E+02 9.292E+O0 2.092E+01 4.682E+01 1.708E+01 O.OOOE+OO
1.1OOE+O2 9.916E+O0 2.187E+01 4.968E+01 1.61OE+O1 0.000E+OO
1.200E+02 1.051E+01 2.276E+01 5.223E+01 1.514E+01 0.000E+OO
1.300E+02 1.114E+01 2.406E+01 5.460E+01 1.441E+01 0.000E+OO
1.400E+02 1.172E+01 2.519E+01 5.613E+01 1.373E+01 0.000E+OO
1.500E+02 1.230E+01 2.650E+01 5.662E+01 1.323E+01 0.000E+OO

1.070E+01 1.767E+O0
1.115E+01 1.712E+O0
1.150E+01 1.730E+O0
1.179E+01 1.747E+O0
1.198E+01 1.789E+O0
1.205E+01 1.815E+O0
1.204E+01 1.825E+O0
1.203E+01 1.834E+O0
1.206E+01 1.752E+O0
1.21OE+O1 1.732E+O0
1.214E+01 1.754E+O0
1.221E+01 1.763E+O0
1.228E+01 1.757E+O0
1.233E+01 1.750E+O0
1.241E+01 1.739E+O0
1.253E+01 1.744E+O0
1.265E+01 1.741E+O0
1.276E+01 1.755E+O0
1.286E+01 1.783E+O0
1.295E+01 1.801E+O0
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p+ 57Fe angle-integrated emission spectra
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EVALUATION OF p + 58Ni CROSS SECTIONS FOR THE ENERGY
RANGE 1 to 150 MeV

S. Chiba, M. B. Chadwick, P. G. Young, and A. J. Koning
24 September 1997

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
proton energy range from 1 to 150 MeV. The evaluation utilizes
MF=6, MT=5 to represent all reaction data. Production cross
sections and emission spectra are given for neutrons, protons,
deuterons, tritons, alpha particles, gamma rays, and all

residual nuclides produced (AsS) in the reaction chains. To
summarize, the ENDF sections with non-zero data above are:

MF=3 MT= 2

MT= 5

MF=6 MT= 2

MT= 5

Integral of nuclear plus interference components
of the elastic scattering cross section

Sum of binary (p,n’) and (p,x) reactions

Elastic (p,p) angular distributions given as
ratios of the differential nuclear-plus–
interference to the integrated value.

Production cross sections and enerqy-anqle
distributions for emission neutron~~ pr~tons,
deuterons, and alphas; and angle-integrated
spectra for gamma rays and residual nuclei that
are stable against particle emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
Ni58 and p + Ni58 reactions (Ch97) . We use the GNASH code system
(Y092) , which utilizes Hauser-Feshbach statistical,
preequilibrium and direct-reaction theories. Spherical optical
model calculations are used to obtain particle transmission
coefficients for the Hauser-Feshbach calculations, as well as
for the elastic proton angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic

(Ka88) .
A model was developed to calculate the energy distributions of

all recoil nuclei in the GNASH calculations (Ch96) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. All
other data in MT=5,MF.6 are given in the center-of-mass system.

~ This method of representation utilizes the LCT=3 option approved
at the November, 1996, CSEWG meeting.

Preequilibrium corrections were performed in the course of the
GNASH ealcula-t-ions using the exciton mo-del o-f”KaIbach (KaT7,
Ka85) , validated by comparison with calculations using Feshbach,
Ke rman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Gilbert and Cameron [Gi65] and pairing
and shell parameters from the Cook (COG7) analysis. Neutron and

charged- particle transmission coefficients were obtained from
the optical potentials, as discussed below. Gamma-ray



transmission coefficients were calculated using the Kopecky-Uhl
model (K090) .

DETAILS OF THE p + S1-28 ANALYSIS

The neutron optical model potential was, adjusted to reproduce the
measured total cross section data (Ci68, l?e73, SC73, La83, Smg2,
Di97) , s-wave strength function (MU81) , and elastic scattering
angular distribution data (Sm92, Gu85, Tu73, Pe88, Ya79) . The
total cross section data for natural Ni was used above 20 MeV
because there was no data for Ni-58 at this energy region. The
data for natural Ni were transformed” to the Ni-58 cross section
according to A*(2/3) law. The parameter estimation was carried
out based on Marquart-Bayesian approach (Sm91) , where ECIS95 code
was used for the optical model calculation. We have employed the
energy dependence of the optical potential similar to Delaroche’s
work (De89) . The initial potential parameters were adopted from
Koning and Delaroche (K097) . Total of 17” parameters concerning
the central potential were estimated with associated covariance
matrix. Presently “obtained potential was used for the calculation
of neutron transmission coefficients and DWBA cross sections in
the entire energy region.

The proton optical potential was also searched for to obtain a
good description of proton-total reaction cross section as
predicted by Wellisch-Axen systematic (We96) above 50 MeV. The
parameter estimation was carried out by the Marquart-Bayesian
approach similar to the neutron OMP, but trying to seek the best
parameter to reproduce the reaction cross sections compiled by
Carlson (Ca96) and Wellisch values. In this search, the
geometrical parameters were fixed to be same as the neutron
potential. The present potential gives a good description of the
proton total reaction cross section from 10 MeV to 250 MeV.
However, after some trial and error to reproduce both the elastic.
scattering and reaction cross section data, we have employed the
following combination of proton potentials:

o to 5 MeV : Harper proton potential (Ha82)
5 to 50 MeV : Koning and Delaroche (K097)

50 to 260 MeV : Present OMP

For deuterons, the Lohr-Haeberli [L074] global potential was used;
for alpha particles the McFadden-Satchler [MC66] potential was
used; and for tritons the Beccheti-Greenlees [Be71] potential was
used. The He-3 channel was ignored.

The direct collective inelastic scattering to the following levels
in Ni-58 was considered by the DWBA-mode calculation of ECIS95
(Ra96) :

Jpi Ex(MeV)
2+ 1.454
4+ 2.459
2+ 3.038
2+ 3.263
4+ 3.620
2+ 3.898
2+ 4.108
4+ 4.299
4+ 4.405

Deformation length
0.900
0.350
0.Z42
0.306
0.246
0.111

0.063
0.127
0.329



3- 4 .47.5
4+ 4.757
4+ 5.438
4+ 5.472
2+ 5.749
4+ 5.766
2+ 5.906
3- 6.312
2+ 6.417
4+ 6.460
2+ 6.475
2+ 6.569
2+ 6.752
3- 6.854
2+ 6.983
4+ 7.051
4+ 7.068
3- 7.111
4-i-7.141
3- 7.210
2+ 7.272
3- 7.300
3- 7.420
3- 7.514
2+ 7.580
4+ 7.618
3- 7.858
4+ 7.860
3- 8.134
3- 8.797
3- 8.841
4+ 8.902
3- 9.012
3- 9.304
3- 9.379
4-I-9.436
3- 9.458
4+ 9.588
4+ 9.632
3- 9.672
3- 9.835
3- 9.870
3- 9.929
3- 9.956

0.708
0.403
0.151
0.080
0.048
0.086
0.115
0.128
0.068
0.098
0.065
0.056
0.141
0.296
0.116
0.090
0.086
0.079
0.112
0.323
0.088
0.063
0.048
0.171
0.051
0.083
0.106
0.097
0.142
0.097
0.112
0.072
0.056
0.065
0.106
0.071
0.082
0.052
0.080
0.121
0.083
0.076
0.061
0.071

These data were retrieved from the literature (Nuclear Data
Sheets) or were evaluated by Koning [K097] .

The level densities used in our ENDF 150-MeV evaluation for n+58Ni
(see the filel for that evaluation) were used in this work.

Results were extensively benchmarked against experimental data for
protons incident on 58Ni, including: the total nonelastic cross
section; (P,XP) emission spectra at 65 MeV by Sakai et al.; (p,xp)
emission spectra at 100, 120, and 150 MeV by Richter et al. ;
radionuclide production excitation functions; and (p,xn) spectra
at 22 MeV by Biryukov and at 26.5 MeV by Scobel et al. See Ref.

[Chgvl for details on benchmark calculations.
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2805S = Tl@2ET 1000Z+A (if A=O then elemental)
1001 = PROJECTILE 1000Z+A
Nonelastic, elastic, and Production cross sections for A<5 ejectiles in barna:
Energy nonelas elastic neutron proton deuteron triton helium3 alpha !Jamna

3.000E+O0 ”5.901E-04 0.000E+OO “0.000E+OO ‘2.464E-04” 0.000E+O0 0.000E+OO 0.000E+OO 0.000E+OO 7.920E-04
4.000E+OO 1.672E-02 0.000E+OO 0.000E+OO 1.629E-02 0.000E+OO 0.000E+OO 0.000E+OO 1.866E-08 1.700E-02
5.000E+OO 8.264E-02 0.000E+OO 0.000E+OO 8.229E-02 0.000E+OO 0.000E+OO 0.000E+OO 5.865E-08 8.979E-02
6.000E+OO 2.862E-01 0.000E+OO 0.000E+OO 2.857E-01 0.000E+OO 0.000E+OO 0.000E+OO 4.697E-06 3.758E-01
7.000E+OO 4.918E-01 0.000E+OO 0.000E+OO 4.912E-01 0.000E+OO 0.000E+OO 0.000E+OO 1.661E-04 7.516E-01
8.000E+OO 5.699E-01 0.000E+OO 0.000E+OO 5.688E-01 0.000E+OO 0.000E+OO 0.000E+OO 7.337E-04 9.119E-01
9.000E+OO 6.150E-01 0.000E+OO0.000z+OO6.123E-010.000E+OO0.000E+OO0.000E+OO2.371E-031.144E+O0
1.000E+O16.773E-010.000E+OO 5.455E-03 6.657E-01 0.000E+OO 0.000E+OO 0.000E+OO 5.923E-03 1.456E+O0
1.1OOE+O1 7.552E-01 0.000E+OO 1.337E-02 7.325E-01 9.043E-09 0.000E+OO 0.000E+OO 9.071E-03 1.821E+O0
1.200E+01 8.256E-01 0.000E+OO 2.498E-02 7.884E-01 4.945E-07 0.000E+OO 0.000E+OO 1.231E-02 2.205E+O0
1.300E+01 8.815E-01 0.000E+OO 3.450E-02 8.374E-01 4.366E-05 0.000E+OO 0.000E+OO 1.71OE-O2 2.533E+O0
1.400E+01 9.253E-01 0.000E+OO 4.134E-02 9.122E-01 4.014E-04 0.000E+OO 0.000E+OO 2.187E-02 2.682E+O0
1.500E+01 9.629E-01 0.000E+OO 4.844E-02 1.045E+O0 1.296E-03 0.000E+OO 0.000E+OO 2.655E-02 2.585E+O0
1.600E+01 9.952E-01 0.000E+OO 6.026E-02 1.194E+O0 3.089E-03 9.744E-09 0.000E+OO 2.957E-02 2.337E+O0
1.700E+01 1.021E+O0 0.000E+OO 8.665E-02 1.340E+O0 5.816E-03 1.400E-06 0.000E+OO 3.159E-02 2.019E+O0
1.800E+01 1.040E+O0 0.000E+OO 1.213E-01 1.447E+O0 9.283E-03 1.153E-05 0.000E+OO 3.316E-02 1.771E+O0
1.900E+01 1.053E+O0 0.000E+OO 1.562E-01 1.51OE+OO 1.327E-02 2.835E-05 0.000E+OO 3.488E-02 1.651E+O0
2.000E+O1 1.061E+O0 0.000E+OO 1.879E-01 1.541E+O0 1.840E-02 5.855E-05 0.000E+OO 3.705E-02 1.607E+O0
2.200E+01 1.069E+O0 0.000E+OO 2.215E-01 1.565E+O0 2.703E-02 2.012E-04 0.000E+OO 4.694E-02 1.774E+O0
2.400E+01 1.072E+O0 0.000E+OO 2.426E-01 1.564E+O0 3.291E-02 4.581E-04 0.000E+OO 6.327E-02 2.022E+O0
2.600E+01 1.071E+O0 0.000E+OO 2.602E-01 1.568E+O0 4.031E-02 8.143E-04 0.000E+OO 8.106E-O2 2.21OE+OO
2.800E+01 1.066E+O0 0,000E+OO 2.784E-01 1.601E+O0 4.760E-02 1.192E-03 0.000E+OO 9.332E-02 2.255E+O0
3.000E+O1 1.056E+O0 0.000E+OO 3.064E-01 1.645E+O0 5.344E-02 1.564E-03 0.000E+OO 9.509E-02 2.231E+O0
3.500E+01 1.021E+O0 0.000E+OO 3.965E-01 1.662E+O0 6.682E-02 2.347E-03 0.000E+OO 1.023E-01 2.116E+O0
4.000E+O1 9.844E-01 0.000E+OO 4.394E-01 1.656E+O0 7.598E-02 3.105E-O3 0.000E+OO 1.103E-O1 2.094E+O0
4.500E+01 9.528E-01 0.000E+OO 4.780E-01 1.676E+O0 8.243E-02 3.761E-03 0.000E+OO 1.208E-01 2.085E+O0
5.000E+O1 9.132E-01 0.000E+OO 5.163E-011.674E+O08.691E-024.316E-030.000E+OO1.283E-012.043E+O0
5.500E+018.722E-010.000E+OO 5.462E-01 1.652E+O0 8.928E-02 4.838E-03 0.000E+OO 1.367E-01 1.989E+O0
6.000E+O1 8.366E-01 0.000E.+00 5.860E-01 1.635E+O0 9.205E-02 5.263E-03 0.000E+OO 1.450E-01 1.900E+O0
6.500E+01 8.093E-01 0.000E+OO 6.291E-01 1.636E+O0 9.581E-02 5.646E-03 0.000E+OO 1.559E-01 1.833E+O0
7.000E+O1 7.894E-01 0,000E+OO 6.674E-01 1.642E+O0 1.008E-01 6.168E-03 0.000E+OO 1.701E-01 1.717E+O0
7.500E+01 7.758E-01 0.000E+OO 7.089E-01 1.665E+O0 1.053E-01 6.599E-03 0.000E+OO 1.845E-01 1.688E+O0
8.000E+O17.672E-01 0.000E+OO 7.494E-01 1.697E+O0 1.1OOE-O1 7.045E-03 0.000E+OO 2.000E-01 1.672E+O0
8.500E+01 7.622E-01 0.000E+OO 7.882E-01 1.729E+O0 1.156E-01 7.702E-03 0.000E+OO 2.183E-01 1.648E+O0
9.000E+O1 7.596E-01 0.000E+OO 8.296E-01 1.764E+O0 1.205E-01 8.251E-03 0.000E+OO 2.360E-01 1.633E+O0
9.500E+01 7.584E-01 0.000E+OO 8.681E-01 1.799E+O0 1.251E-01 8.851E-03 0.000E+OO 2.535E-01 1.629E+O0
1.000E+02 7.580E-01 0.000E+OO 9.044E-01 1.835E+O0 1.285E-01 9.749E-03 0.000E+OO 2.738E-01 1.61SE+O0
1.1OOE+O2 7.574E-01 0.000E+OO 9.808E-01 1.899E+O0 1.364E-01 1.127E-02 0.000E+OO 3.106E-O1 1.557E+O0
1.200E+02 7.559E-01 0.000E+OO 1.051E+O0 1.960E+O0 1.461E-01 1.352E-02 0.000E+OO 3.525E-01 1.500E+O0
1.300E+02 7.528E-01 0.000E+OO 1.090E+O0 1.994E+O0 1.537E-01 1.565E-02 0.000E+OO 3.861E-01 1.435E+O0
1.400E+02 7.484E-01 0.000E+OO 1.11OE+OO 2.014E+O0 1.617E-01 1.837E-02 0.000E+OO 4.196E-01 1.360E+O0
1.500E+02 7.428E-01 0,000E+OO 1.109E+OO 2.013E+O0 1.671E-01 2.078E-02 0.000E+OO 4.438E-01 1.265E+O0

28058. TAR~E~ 1000Z+A (if A=O then elemental)
1001 = PROJECTILE 1000Z+A
Aver. lab emission energies for A<5 ejectiles in MeV:
Energy neutron proton deuteron triton helium3 alpha ganlma

3.000E+OO 0.000E+OO 1.475E+00 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 2.654E+O0
4.000E+OO0.000E+OO 2.454E+O0 0.000E+OO 0.000E+OO 0.000E+OO 2.343E+O0 1.581E+O0
5.000E+OO 0.000E+OO 3.338E+O0 0,000E+OO 0.000E+OO 0.000E+OO 3.254E+O0 1.4971t+O0
6.000E+OO 0.000E+OO 3.929E+O0 0.000E+OO 0.000E+OO 0.000E+OO 4.173E+O0 1.506E+O0
7.000E+OO 0.000E+OO 4.469E+O0 0.000E+OO 0.000E+OO 0.000E+OO 5.098E+O0 1.564E+O0
8.000E+OO 0.000E+OO 5,185E+O0 0.000E+OO 0.000E+.00 0.000E+OO 6.019E+O0 1.659E+O0
9.000E+OO 0.000E+OO 5.521E+O0 0.000E+.00 0.000E+OO 0.000E+OO 6.917E+O0 1.768E+O0
1.000E+O1 3.470E-01 5.724E+O0 0.000E+OO 0.000E+OO 0.000E+OO 7.742E+O0 1.81OE+OO
1.1OOE+O1 1.065E+O0 6.005E+O0 7.314E-01 0.000E+OO 0.000E+OO 8.349E+O0 1.883E+O0
1.200E+01 1.332E+O0 6.227E+O0 1.664E+O0 0.000E+OO 0.000E+OO 8.599E+O0 1.959E+O0
1.300E+01 1.722E+O0 6.385E+O0 2,580E+O0 0.000E+OO 0.000E+OO 8.698E+O0 2.047E+O0
1.400E+01 2.078E+O0 6.386E+O0 3.411E+O0 0.000E+OO 0.000E+OO 8.890E+O0 2.116E+O0
1.500E+Ol 2.41OE+OO 6.095E+OO_4.12QNO0.O.OQmOC–Q.0QQM44-9.>4%Sqe -2:157E+06
1.600E+01 2.488E+O0 5.972E+O0 4.728E+O0 1.612E+O0 0.000E+OO 9.401E+00 2.156E+O0
1.700E+01 2.300E+O0 5.915E+O0 5.333E+O0 2.558E+O0 0.000E+OO 9.641E+O0 2.097E+O0
1.800E.I-01 2.252E+O0 5.985E+O0 5.933E+O0 3.51OE+OO 0.000E+OO 9.850E+O0 1.994E+O0
1.900E+Ol 2.347E+O0 6.151E+O0 6.556E+O0 4.359E+00 0.000E+OO 1.000E+O1 1.889E+O0
2.000E+O1 2.456E+O0 6.380E+O0 7.069E+O0 4.649E+O0 0.000E+OO 1.008E+01 1.795E+O0
2.200E+01 2.993E+O0 6.838E+O0 8.345E+O0 5.41OE+OO 0.000E+OO 1.007E+01 1.773E+O0
2.400E+01 3.524E+O0 7.321E+O0 9.558E+O0 6.295E+O0 0.000E+OO 1.005E+01 1.857E+O0

2,600E+014.039E+007,7ql&W0 l,069E+01‘7.227~+001).Ol)OE+OO1.020E+011.951E+O0
2.800E+014.528E+O08.038E+O01.178E+018.225E+.00 0.000E+OO 1.053E+01 1.993E+O0
3.000E+O1 4.880E+O0 8.329E+O0 1.273E+01 9.195E+O0 0.000E+OO 1.089E+01 1.966E+O0
3.500E+01 5.545E+O0 9.326E+O0 1.552E+01 1.126E+01 0.000E+OO 1.155E+01 1.811E+O0
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4.000E+O1 6.638E+o0 1.040E+01 1,833E+01 1.316E+01 0.000E+OO 1.200E+01 1.803E+O0
4.500E+01 7.592E+o0 1.120E+01 2.085F.+01 1.477E+01 0.000E+OO 1.237E+01 1..818E+00
5.000E+O1 8.383E+I)IJ 1.193E+01 2.327E+01 1.615E+01 0.000E+OO 1.269E+01 1.803E+O0
5.500E+01 9.129E+I)Ll 1.277E+01 2.508E+01 1.727E+01 0.000E+OO 1.294E+01 1.792E+O0
6.000E+O1 9.678E+O0 1.356E+I)1 2.685E+01 1.827E+01 O.OOOE+OO 1.314E+01 1.824E+O0
6.SOOE+O1 1.020E+01 1.424E+01 2.855E+01 1.90031+01 0.000E+OO 1.327E+OI 1.830E+O0
7.000E+O1 1.080E+01 1.490E+01 2.976E+01 1.945E+01 0.000E+OO 1.337E+01 1.778E+O0
7.500E+01 1.139E+01 1.547E+01 3.107E+O1 1.986E+01 0.000E+OO 1.345E+01 1.789E+O0
8.000E+O1 1.203E+01 1.601E+01 3.227E+01 2.012E+01 0.000E+OO 1.352E+01 1.795E+O0
8,500E+01 1.269E+01 1.655E+01 3.314E+01 1.996E+01 0.000E+OO 1.358E+01 1.781E+O0
9.000E+O1 1.330E+01 1.711E+01 3.414E+01 1.991E+01 0.000E+OO 1.364E+01 1.801E+O0
9.500E+01 1.395E+01 1.768E+01 3.505E+01 1.974E+01 0.000E+OO 1.371E+01 1.817E+O0
1.000E+02 1.464E+01 1.827E+01 3.509E+01 1.926E+01 0.000E+OO 1.379E+01 1.831E+O0
1.1OOE+O2 1.581E+01 1.943E+01 3.633E+01 1.850E+01 0.000E+OO 1.393E+01 1.852E+O0
1.200E+02 1.679E+01 2.049E+01 3.674E+01 1.731E+01 0.000E+OO 1.405E+01 1.848E+O0
1.300E+02 1.807E+01 2.175E+01 3.787E+01 1.644E+01 0.000E+OO 1.422E+01 1.833E+O0
1.400E+02 1.944E+01 2.304E+01 3.859E+01 1.546E+01 0.000E+OO 1.439E+01 1.842E+O0
1.500E+02 2.109E+O1 2.454E+01 3.975E+01 1.472E+01 0.000E+OO 1.458E+01 1.854E+O0

I
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p+ 58Ni angle-integrated emission spectra
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EVALUATION OF p + 60Ni CROSS SECTIONS FOR THE ENERGY
RANGE 1 to 150 MeV

s. Chiba, M. B. Chadwick, P. G. Young, and A. J, Koning
24 September 1997

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
proton energy range from 1 to 150 MeV. The evaluation utilizes
MF=6, MT.5 to represent all reaction data. Production cross
sections and emission spectra are given for neutrons, protons,
deuterons, tritons, alpha particles, gamma rays, and all

residual nuclides produced (A>5) in the reaction chains. To
summarize, the

MF=3 MT= 2

MT= 5

MF=6 MT= 2

MT= 5

ENDF sections with non-zero data above are:

Integral of nuclear plus interference components
of the elastic scattering cross section

Sum of binary (p,n’) and (p,x) reactions

Elastic (p,p) angular distributions given as
ratios of the differential nuclear-plus-
interference to the integrated value.

Production cross sections and enerqv-anqle
distributions for emission neutron~~ pr~tons,
deuterons, and alphas; and angle-integrated
spectra for gamma rays and residual nuclei that
are stable against particle emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
Ni58 and p + Ni58 reactions (Ch97) . We use the GNASH code system
(Y092) , which utilizes Hauser-Feshbach statistical,

I preequilibrium and direct-reaction theories. Spherical optical
model calculations are used to obtain particle transmission
coefficients for the Hauser-Feshbach calculations, as well as
for the elastic proton angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions . The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A model was developed to calculate the energy distributions of

all recoil nuclei in the GNASH calculations (Ch96) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. All
other data in MT=5,MF=6 are given in the center-of-mass system.
This method of representation utilizes the LCT.3 option approved
at the November, 1996, CSEWG meeting.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85) , validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Gilbert and Cameron [Gi65] and pairing
and shell parameters from the Cook (C!067’)analysis, Neutron and
charged- particle transmission coefficients were obtained from
the optical potentials, as discussed below. Gamma-ray



transmission coefficients were calculated using the Kopecky-Uhl
model (K090) .

DETAILS OF THE p + 60Ni ANALYSIS

The neutron optical model potential was adjusted to reproduce the
total cross section data((Du67, B071, St71, Sm79, Fe80, Pe82,
Ha82, Di97) , s-wave strength function (Mu81) and elastic
scattering angular distribution data (B071, Gu85, Tu73, Ya79) .
The data for natural Ni (Di97) was also used because there was not
enough data for Ni-60 above 20 MeV. The data for natural Ni were
transformed to the Ni-60 cross section according to A*(2/3) law.

The parameter estimation was carried out based on Marquart-
Bayesian approach (Sm91), where ECIS95 code was used for the
optical model calculation. We have employed the energy dependence
of the optical potential similar to Delarochels work(De89) . The
initial potential parameters were adopted from Koning and
Delaroche (K097) . Total of 7 parameters concerning the central
potential depth were estimated with associated covariance matrix,
while the geometircal parameters were fixed to the result of a
similar search for n + Ni-58. Presently obtained potential was
used for the calculation of neutron transmission coefficients and
DWBA cross sections in the energy region above 20 MeV. Below 20
MeV, the Harper neutron potential (Ha82) was used for the
calculation of transmission coefficients.

The proton optical potential was also searched for to obtain a
good description of proton-total reaction cross section as
predicted by Wellisch-Axen systematic (We96) above 50 MeV. The
parameter estimation was carried out by the Marquart-Bayesian
approach similar to the neutron OMP, but trying to seek the best
parameter to reproduce the reaction cross sections compiled by
Carlson (Ca96) and Wellisch values. The experimental data in
Carlson (Ca96) was scaled for Ni-60.according to A**(2/3) law. In
this search, the geometrical parameters were fixed to be same as
the neutron potential. The present potential gives a good
description of the proton total reaction cross section from 10 MeV
to 250 MeV. However, after some trial and error to reproduce both
the elastic scattering and reaction cross section data for Ni-58,
we have employed the following combination of proton potentials:

o to 5 MeV : Harper potential (Ha82)
6 to 47 MeV : Koning and Delaroche (K097)

48 to 260 MeV : Present OMP

For deuterons, the Lohr-Haeberli [L074] global potential was used;
for alpha particles the McFadden-Satchler [MC66] potential was
used; and for tritons the Beccheti-Greenlees [Be71] potential was
used. The He-3 channel was ignored.

The direct collective inelastic scattering to the follotinglexmi.
in Ni-60 was considered by the DWBA-mode calculation of ECIS95:

Jpi Ex(MeV) Deformation length
2+ 1.331 0.8535

The deformation length was determined to match the ENDF/B-VI value
at 20 MeV for the incident neutron channel.



Certain nuclear level densities were modified from their default
values due to experimental information available, as documented in
the ENDF-filel of our n+60Ni evaluation.

*************** *************** *************** *************** ****
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28060 = TARGET 1000Z+A (if A=O then elemental)
1oo1 = PROJECTILE 1000Z+A
Nonelastic, elastic, and Production cross sections for A<5 ejactiles in barns:
F.ncmgy nonalas elastic neutron proton deuteron triton heliti alnha ganma

2.000E+OO 2.707E-04 0.000E+OO 0.000E+OO 4.956E-09 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 4.234E-04
3.000E+OO 1.342E-03 0.000E+OO 0.000E+OO 5.345E-04 0.000E+OO 0.000E+OO 0.000E+OO 2.509E-10 1.728E-03
4.000E+OO 2.374E-02 0.000E+OO 0.000E+OO 2.274E-02 0.000E+OO 0.000E+OO 0.000E+OO 3.21OE-O7 2.498E-02
5.000E+OO 1.450E-01 0.000E+OO 0.000E+OO 1.440E-01 0.000E+OO 0.000E+OO 0.000E+OO 1.707E-05 1.758E-01
6.000E+OO 3.613E-01 0.000E+OO 0.000E+OO 3.598E-01 0.000E+OO 0.000E+OO 0.000E+OO 4.832E-04 5.436E-01
7.000E+OO 5.181E-01 0.000E+oo 0.000E+OO 5.148E-01 0.000E+OO 0.000E+OO 0.000E+OO 2.466E-03 8.960E-01
8.000E+OO 6.064E-01 0.000E+OO 1.218E-01 4.782E-01 0.000E+OO 0.000E+OO 0.000E+OO 5.829E-03 1.053E+O0
9.000E+OO 6.827E-01 0.000E+OO 1.461E-01 5.228E-01 0.000E+OO 0.000E+OO 0.000E+OO 1.336E-02 1.346E+O0
1.000E+O1 7.703E-01 0.000E+OO 1.684E-01 5.791E-01 0.000E+OO 0.000E+OO 0.000E+OO 2.244E-02 1.755E+O0
1.1OOE+O1 8.491E-01 0.000E+OO 1.799E-01 6.374E-01 1.911E-07 0.000E+OO 0.000E+OO 3.140E-02 2.191E+O0
1.200E+01 9.117E-01 0.000E+OO 1.819E-01 6.920E-01 3.256E-05 0.000E+OO 0.000E+OO 3.737E-02 2.603E+O0
1.300E+01 9.597E-01 0.000E+OO 1.794E-01 7.390E-01 4.065E-04 4.445E-14 0.000E+OO 4.075E-02 2.978E+O0
1.400E+01 9.991E-01 0.000E+OO 1.747E-01 7.936E-01 1.670E-03 6.401E-08 0.000E+OO 4.274E-02 3.286E+O0
1.500E+01 1,032E+O0 0.000E+OO 1.934E-01 8.526E-01 4.106E-O3 3.730E-06 0.000E+OO 4.405E-02 3.467E+O0
1.600E+01 1.060E+O0 0.000E+OO 2.544E-01 9.122E-01 7.809E-03 2.415E-05 0.000E+OO 4.484E-02 3.414E+O0
1.700E+01 1.081E+O0 0.000E+oo 3.612E-01 9.679E-01 1.259E-02 6.548E-05 0.000E+OO 4.556E-02 3.151E+00
1.800E+01 1.096E+O0 0.000E+OO 4.832E-01 1.O1OE+OO 1.795E-02 1.487E-04 0.000E+OO 4.643E-02 2.855E+O0
1.900E+01 1.107E+OO 0.000E+OO 5.808E-01 1.039E+O0 2.289E-02 2.960E-04 0.000E+OO 4.782E-02 2.743E+O0
2.000E+OI 1.115E+O0 0.000E+OO 6.463E-01 1.059E+O0 2.762E-02 5.063E-04 0.000E+OO 4.981E-02 2.685E+O0
2.200E+01 1,126E+O0 0.000E+OO 7.357E-01 1.078E+O0 3.641E-02 1.018E-03 0.000E+OO 5.41OE-O2 2.970E+O0
2.400E+01 1.132E+O0 0.000E+OO 7.890E-01 1.082E+O0 4.526E-02 1.520E-03 0.000E+OO 5.847E-02 3.257E+O0
2.6013E+011.133E+O0 0.000E+OO 8.382E-01 1.097E+O0 5.315E-02 1.998E-03 0.000E+OO 6.271E-02 3.377E+O0
2.800E+01 1.129E+O0 0.000E+OO 8.850E-01 1.135E+O0 6.022E-02 2.447E-03 0.000E+OO 6.689E-02 3.319E+O0
3.000E+O1 1.120E+O0 0.000E+OO 9.208E-01 1.185E+O0 6.645E-02 2.871E-03 0.000E+OO 7.063E-02 3.199E+O0
3.500E+01 1.087E+O0 0.000E+OO 9.782E-01 1.293E+O0 7.636E-02 3.724E-03 0.000S+00 8.236E-02 2.899E+O0
4.000E+O1 1.051E+O0 0.000E+OO 1.017E+O0 1.341E+O0 8.263E-02 4.422E-03 0.000E+OO 9.456E-02 2.801E+O0
4.500E+01 1.018E+O0 0.000E+OO 1.072E+O0 1.384E+O0 8.611E-02 4.931E-03 0.000E+OO 1.019E-01 2.689E+O0
5.000E+O1 9.494E-01 0.000E+OO 1.079E+O0 1.389E+O0 8.398E-02 5.302E-03 0.000E+OO 1.045E-01 2.511E+O0
5.500E+01 9.063E-01 0.000E+OO 1.091E+O0 1.415E+O0 8.382E-02 5.587E-03 0.000E+OO 1.064E-01 2.415E+O0
6.000E+O1 8.737E-01 0.000E+OO 1.112E+O0 1.439E+O0 8.431E-02 5.828E-03 0.000E+OO 1.092E-01 2.321E+O0
6.500E+01 8.481E-01 0.00013+001.Z54E+O0 1.475E+O0 8.452E-02 6.091E-03 0.000E+OO 1.138E-01 2.219E+O0
7.000E+O1 8.297E-01 0.000E+OO 1.200E+O0 1.522E+O0 8.416E-02 6.362E-03 0.000E+OO 1.203E-01 2.056E+O0
7.500E+01 8.173E-01 0.000E+OO 1.264E+O0 1.574E+O0 8.499E-02 6.651E-03 0.000E+OO 1.282E-01 2.004E+O0
8.000E+O1 8.094E-01 0.000E+OO 1.333E+O0 1.634E+O0 8.622E-02 7.062E-03 0.000E+OO 1.378E-01 1.971E+O0
8.500E+01 8.046E-01 0.000E+OO 1.395E+O0 1.681E+O0 8.748E-02 7.426E-03 0.000E+OO 1.460E-01 1.939E+O0
9.000E+O1 8.020E-01 0.000E+OO 1.458E+O0 1.734E+O0 8.868E-02 7.832E-03 0.000E+OO 1.544E-01 1.917E+00
9.500E+01 8.005E-01 0.000E+OO 1.520E+O0 1.790E+O0 8.957E-02 8.387E-03 0.000E+OO 1.649E-01 1.930E+O0
1.000E+02 7.996E-01 0.000E+OO 1.574E+O0 1.840E+O0 9.077E-02 8.871E-03 0.000E+OO 1.734E-01 1.928E+O0
1.1OOE+O2 7.978E-01 0.000E+OO 1.680E+O0 1.925E+o0 9.301E-02 9.963E-03 0.000E+OO 1.892E-01 1.884E+O0
1.200E+02 7.951E-01 0.000E+OO 1.785E+O0 2.003E+O0 9.494E-02 1.132E-02 0.000E+OO 2.054E-01 1.856E+O0
1.300E+02 7.91OE-O1 0.000E+OO 1.864E+O0 2.065E+O0 9.528E-02 1.263E-02 0.000E+OO 2.188E-01 1.817E+O0
1.400E+02 7.856E-01 0.000E+OO 1.912E+O0 2.lllE+OO 9.676E-02 1.399E-02 0.000E+OO 2.298E-01 1.777E+O0
1.500E+02 7.792E-01 0.000E+OO 1.938E+O0 2.137E+O0 9.791E-02 1.539E-02 0.000E+OO 2.386E-01 1.724E+O0

28060 = TARGET 1000Z+A (if A=O them elemental)
1001 = PROJECTILE 1000Z+A
Aver. lab emission energies fearA<5 ejectiles in MeV:
Energy neutron proton deuteron triton helium3 alpha ganuaa

2.000E+OO 0.000E+OO 5.473E-04 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 3.309E+O0
3.000E+OO 0.000E+OO 1.476E+O0 0.000E+OO 0.000E+OO 0.000E+OO 2.485E+O0 2.972E+O0
4.000E+OO 0.000E+OO 2.428E+O0 0.000E+OO 0.000E+OO 0.000E+OO 3.412E+O0 1.409E+O0
5.000E+OO 0.000E+OO 3.261E+O0 0.000E+OO 0.000E+OO 0.000E+OO 4.338E+O0 1.230E+O0
6.000E+OO 0.000E+OO 3.898E+O0 0.000E+OO 0.000E+OO 0.000E+OO 5.255E+O0 1.214E+O0
7.000E+OO 0.000E+OO 4.467E+O0 0.000E+OO 0.000E+OO 0.000E+OO 5.994E+O0 1.295E+O0
8.000E+OO 6.296E-01 4.949E+O0 0.000E+OO 0.000E+OO 0.000E+OO 6.757E+O0 1.284E+O0
9.000E+OO 1.375E+O0 5.247E+O0 0.000E+OO 0.000E+OO 0.000E+OO 7.418E+O0 1.401E+O0
1.000E+O1 1.734E+O0 5.445E+O0 0.000E+OO 0.000E+OO 0.000E+OO 7.936E+O0 1.521E+O0
1.1OOE+O1 2.061E+O0 5.632E+O0 1.566E+O0 0.000E+OO 0.000E+OO 8.385E+O0 1.637E+O0
1.200E+01 2.365E+O0 5.809E+O0 2.418E+O0 0.000E+OO 0.000E+OO 8.765E+O0 1.760E+O0
1.300E+01 2.637E+O0 5.992E+O0 3.202E+O0 1.067E-02 0.000E+OO 9.075E+O0 1.884E+O0
1.400E+01 2.803E+O0 6.125E+O0 3.941E+O0 1.704E+O0 0.000E+OO 9.329E+O0 1.994E+O0
1.500E+01 2.787E+O0 6.144E+O0 4.555E+O0 2.617E+O0 0.000E+OO 9.526E+O0 2.066E+O0
1.600E+01 2.428E+O0 6.232E+O0 5.133E+O0 3.472E+O0 0.000E+OO 9.694E+O0 2.065E+O0
1,700E+01 2.087E+O0 6.331E+O0 5.719E+O0 3.991E+O0 0.000E+OO 9.844E+O0 1.999E+O0
1.800E+01 1.974E+O0 6.452E+O0 6.316E+O0 4.381E+O0 0.000E+OO 1.000E+O1 1.871E+O0
1.900E+01 2.032E+O0 6.635E+O0 6.896E+O0 4.746E+O0 0.000E+OO l.01.&E+Ol1.742E+O0
2.000Z+O1 2.235E+O0 6.851E+O0 7.466E+O0 5.250E+O0 0.000E+OO 1.027E+01 1.737E+O0
2.200E+Ol2.519E+O07.333E+O08.543E+O06.208E+O0 0.000E+OO 1.057E+01 1.701E+O0
2.400E+01 2.900E+O0 7.867E+O0 9.711E+O0 7.151S+00 0.000E+OO 1.087E+01 1.761E+O0
2.600E+01 3.246E+O0 8.339E+O0 1.084E+01 8.153E+O0 0.000E+OO 1.116E+01 1.801E+O0
2.800E+01 3.555E+O0 8.717E+O0 1.L99E+01 9.122E+O0 0.000E+OO 1.140E+01 1.805E+O0
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3.000E+O1 3.860E+O0 9.057E+O0 1.315E+01 1.004E+01 0.000E+OO
3.500E+01 4.64EE+o0 1.002E+01 1.609E+01 1.207E+01 0.000E+OO
4.000E+O1 5.397E+O0 1.117E+01 1.922E+01 1.402E+01 0.000E+OO
4.500E+01 6.032E+O0 1.223E+01 2.231E+0.I1.583E+01 0.000E+OO
.5.000E+o16.632E+O0 1.313E+01 2.500E+01 1.746E+01 0.000E+OO
5.500E+01 7.232E+O0 1.394E+01 2.773E+01 1.891E+01 0.000E+OO
6.000E+O1 7.813E+O0 1.472E+01 3.047E+01 2.016E+01 0.000E+OO
6.500E+01 8.289E+O0 1.536E+.013.285E+01 2.098E+01 0.000E+OO
7.000E+O1 8.737E+O0 1.587E+01 3.489E+01 2.160E+01 0.000E+OO
7.500E+01 9.106E+OO 1.635E+01 3.706E+01 2.196E+01 0.000E+OO
8.000E+O1 9.452E+O0 1..678E+O13.892E+01 2.190E+01 0.000E+OO
8.500E+01 9.857E+00 1.735E+01 4.090E+01 2.190E+01 0.000E+OO
9.000E+O1 1.026E+01 1.788E+01 4.275E+01 2.176E+01 0.000E+OO
9.500E+01 1.065E+01 1.840E+01 4.402E+01 2.130E+01 0.000E+OO
1.000E+02 1.109E+O1 1.896E+01 4.571E+01 2.097E+01 0.000E+OO
1.1OOE+O2 1.190E+01 2.016E+01 4.889E+01 2.006E+01 0.000E+OO
1.200E+02 1.261E+01 2.133E+01 5.140E+01 1.893E+01 0.000E+OO
1.300E+02 1.340E+01 2.264E+01 5.346E+01 1.788E+01 0.000E+OO
1.400E+02 1.428E+01 2.396E+01 5.632E+01 1..669E+O10.000E+OO
1.500E+02 1.522E+01 2.539E+01 5.912E+OI 1..548E+O10.000E+OO

1.161E+01
1.189E+01
1.215E+01
1.246E+01
1.275E+01
1.302E+01
1.323E+01
1.338E+01
1.348E+01
1.354E+01
1.357E+01
1.364E+01
1.371E+01
1.374E+01
1.381E+01
1.395E+01
1.408E+01
1.422E+01
1.437E+01
1.454E+OI

1.780E+00
1.689E+O0
1.687E+O0
1.709E+O0
1.699E+o0
1.686E+O0
1.680E+O0
1.686!3+00
1.689E+O0
1.701E+O0
1.721E+O0
1.734E+O0
1.752E+O0
1.744E+O0
1.724E+O0
1.727E+O0
1.732E+O0
1.743s+00
1.757E+O0
1.773E+O0
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EVALUATION OF p + 61Ni CROSS SECTIONS FOR THE ENERGY
RANGE 1 to 150 MeV

s. Chiba, M. B. Chadwick, P. G. Young, and A. J. Koning
24 September 1997

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
proton energy range from 1 to 150 MeV. The evaluation utilizes
MF=6, MT.5 to represent all reaction data. Production cross
sections and emission spectra are given for neutrons, protons,
deuterons, tritons, alpha particles, gamma rays, and all
residual nuclides produced (A>5) in the reaction chains. To
summarize, the ENDF sections with non-zero data above are:

MF=3 MT= 2

MT= 5

MF=6 MT= 2

MT= 5

Integral of nuclear plus interference components
of the elastic scattering cross section

Sum of binary (p,n’) and (p,x) reactions

Elastic (pJp) angular distributions given as
ratios of the differential nuclear-plus-
interference to the integrated value.

Production cross sections and. energy-angle
distributions for emission neutrons, protons,
deuterons, and alphas; and angle-integrated
spectra for gamma rays and residual nuclei that
are stable against particle emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
Ni58 and p + Ni58 reactions (Ch97) . We use the GNASH code system
(Y092) , which utilizes Hauser-Feshbach statistical,
preequilibrium and direct-reaction theories. Spherical optical
model calculations are used to obtain particle transmission
coefficients ,for the Hauser-Feshbach calculations, as well as
for the elastic proton angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions. The energy-angle-correlation~
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A model was developed to calculate the energy distributions of

all recoil nuclei in the GNASH calculations (Ch96) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. All
other data in MT=5,MF=6 are given in the center-of-mass system.
This method of representation utilizes the LCT=3 option approved
at the November, 1996, CSEWG meeting.

p~q~~ Iiby-i=dmcorrecticnmwevre- performed in the course of- the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85) , validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Gilbert and Cameron [Gi65] and pairing
and shell parameters from the Cook (C067) analysis. Neutron and
charged- particle transmission coefficients were obtained from
the optical potentials, as discussed below. Gamma-ray



transmission coefficients were calculated using the Kopecky-Uhl
model (K090) .

DETAILS OF THE p + 61Ni ANALYSIS

The neutron optical model po-tential was adjusted to reproduce the
measured total cross section data (Ci68, Pe73, SC73, La83, Sm92,
Di97) and s-wave strength function (Mu81) . The total cross
section data for natural Ni and Ni–58 were used because there was
no data for Ni-61. These data were transformed to the Ni-61 cross
section according to A*(2/3) law.

The parameter estimation was carried out based on Marquart-
Bayesian approach (Sm91), where ECIS95 code was used for the
optical model calculation. We have employed the energy dependence
of the optical potential similar to Delaroche’s work(De89) . The
initial potential parameters were adopted from Koning and
Delaroche (K097) . Total of 7 parameters concerning the central
potential depth were estimated with associated covariance matrix,
while the geometircal parameters were fixed to the result of a
similar search for n + Ni-58. Presently obtained potential was
used for the calculation of neutron transmission coefficients in
the energy region above 20 MeV. Below 20 MeV, the Harper neutron
potential (Ha82) was used for the calculation of transmission
coefficients .

The proton optical potential was also searched for to obtain a
good description of proton-total reaction cross section as
predicted by Wellisch-Axen systematic (We96) above 50 MeV. The
parameter estimation was carried out by the Marquart-Bayesian
approach similar to the neutron OMP, but trying to seek the best
parameter to reproduce the reaction cross .sections compiled by
Carlson (Ca96) and Wellisch values. The experimental data in
Carlson (Ca96) was scaled for Ni-61 according to A**(2/3) law. In
this search, the geometrical parameters were fixed to be same as
the neutron potential. The present potential gives a good

~ description of the proton total reaction cross section from 10 MeV
to 250 MeV. However, after some trial and error to reproduce both
the elastic scattering and reaction cross section data for Ni-58,
we have employed the following combination of proton potentials:

o to 5 MeV : Harper potential (Ha82)
6 to 47 MeV : Koning and Delaroche (K097)

48 to 260 MeV : Present OMP

For deuterons, the Lohr-Haeberli [L074] global potential was used;
for alpha particles the McFadden-Satchler [MC66] potential was
used; and for tritons the Beccheti-Greenlees [Be71] potential was
used. The He-3 channel was ignored.

The direct collective inelastic scattering to the following levels
i.nNi-61. ‘eccnsidered by t~l.e~fi~A=T~.m~.W&+_J-om- o.~-ECI-S~~ :

Jp i Ex(MeV) Deformation length
l/2- 0.2830 0.31703
5/2- 0.9086 0.54912
7/2- 1.0152 0.63407
3/2- 1.0996 0.44835

The deformation lengths were estimated assuming a weak-coupling of



3/2- neutron hole to the excited 2+ core in Ni-62.

************** ************** ************** ************** ********

[Be711. F.D.
“Polarization
Barschall and
1971) P.682.

[Ca96]. R. F.
93(1996) .
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28061 = TARGET 1000Z+A (if A=O then elemental)
1001 = PROJECTILE 1000z+A
Nonelastic, elastic, and Production crc.sssections for A<5 #
Energy nonelas elastic neutron proton deuteron

2.000E+O0 9.226E-04 0.000E+OO 0.000E+OO 5.281E-04 0.000E+OO
3.000E+OO 1.774E-02 0.000E+OO 0.000E+OO 1.703E-02 0.000E+OO
4.000E+OO 1.186E-01 0.000E+OO 6.504E-02 5.309E-02 0.000E+OO
5.000E+OO 3.296E-01 0.000E+OO 1.660E-01 1.630E-01 0.000E+OO
6.000E+OO 5.006E-01 0.000E+OO 2.286E-01 2.704E-01 0.000E+OO
7.000E+OO 5.768E-01 0.000E+OO 2.600E-01 3.113E-01 8.482E-09
8.000E+OO 6.358E-01 0.000E+OO 2.965E-01 3.230E-01 6.349E-06
9.000E+OO 7.118E-01 0.000E+OO 3.339E-01 3.455E-01 1.163E-04
1.000E+O1 7.966E-01 0.000E+OO 3.707E-01 3.818E-01 5.744E-04
1.IOOE+O1 8.720E-01 0.000E+OO 3.989E-01 4.452E-01 1.890E-03
1.200E+01 9.311E-01 0.000E+OO 4.303E-01 5.259E-01 4.372E-03
1.300E+01 9.769E-01 0.000E+OO 4.781E-01 6.141E-01 8.050E-03
1.400E+01 1.015E+O0 0.000E+OO 5.477E-01 6.983E-01 1.263E-02
1.500E+01 1.046E+O0 0.000E+OO 6.276E-01 7.680E-01 1.768E-02
1.600E+01 1.072E+O0 0.000E+OO 6.998E-01 8.217E-01 2.291E-02
1.700E+01 1.092E+O0 0.000E+OO 7.770E-01 8.454E-01 2.807E-02
1.800E+01 1.106E+OO 0.000E+OO 8.458E-01 8.538E-01 3.312E-02
1.900E+01 1.117E+O0 0.000E+OO 8.984E-01 8.581E-01 3.780E-02
2.000E+O1 1.124E+O0 0.000E+OO 9.309E-01 8.653E-01 4.291E-02
2.200E+01 1.135E+O0 0.000E+OO 9.718E-01 8.752E-01 5.016E-02
2.400E+01 1.141E+O0 0.000E+OO 1.015E+O0 9.074E-01 5.773E-02
2.600E+01 1.142E+O0 0.000E+OO 1.077E+O0 9.530E-01 6.397E-02
2.800E+01 1.137E+O0 0.000E+OO 1.136E+O0 1.005E+O0 7.043E-02
3.000E+O1 1.127E+O0 0.000E+OO 1.186E+O0 1.060E+O0 7.609E-02
3.500E+01 1.094E+O0 0.000E+OO 1.260E+O0 1.165E+O0 8.357E-02
4.000E+O1 1.059E+O0 0.000E+OO 1.298E+O0 1.218E+O0 8.904E-02
4.500E+01 1.027E+O0 0.000E+OO 1.391E+O0 1.281E+O0 9.317E-02
5.000E+O1 9.668E-01 0.000E+OO 1.443E+O0 1.311E+O0 9.443E-02
5.500E+01 9.246E-01 0.000E+OO 1.475E+O0 1.338E+O0 9.471E-02
6.000E+O1 8.920E-01 0.000E+OO 1.514E+O0 1.371E+O0 9.542E-02
6.500E+01 8.665E-01 0.000E+OO 1.559E+O0 1.405E+O0 9.625E-02
7.000E+O1 8.474E-01 0.000E+OO 1.589E+O0 1.442E+O0 9.709E-02
7.500E+01 8.332E-01 0.000E+OO 1.638E+O0 1.484E+O0 9.823E-02
8.000E+O1 8.227E-01 0.000E+OO 1.708E+O0 1.533E+O0 9.887E-02
8.500E+01 8.147E-01 0.000E+OO 1.776E+O0 1.589E+O0 9.767E-02
9.000E+O1 8.083E-01 0.000E+OO 1.841E+O0 1.645E+O0 9.864E-02
9.500E+01 8.029S-01 0.000E+OO 1.902E+O0 1.691E+O0 9.988E-02
1.000E+02 7.980E-01 0.000E+OO 1.948E+O0 1.729E+O0 1.O1OE-O1
1.1OOE+O2 7.892E-01 0.000E+OO 2.055E+O0 1.808E+O0 1.036E-01
1.200E+02 7.806E-01 0.000E+OO 2.140E+O0 1.870E+O0 1.053E-01
1.300E+02 7.722E-01 0.000E+OO 2.21OE+OO 1.928E+O0 1.077E-01
1.400E+02 7,637E-01 0.000E+OO 2.257E+O0 1.975E+O0 1.093E-01
1.500)3+027.554E-01 0.000E+OO 2.289E+O0 2.018E+O0 1.1OOE-O1

28061 = TARGET 1000Z+A (if A=O then elemental)
1001 = PROCfECTILIE1000Z+A
Aver. lah
Energy

2.000E+OO
3.000E+OO
4.000E+OO
5.000E+OO
6.000E+OO
7.000E+OO
8.000E+OO
9.000E+OO
1.000E+O1
1.1OOE+O1
1.200E+01
.l.3Qf13%&ol-

~jectiles in barns:
triton heliurd alpha g~

0.000E+OO 0.000E+OO 3.812E-12 1.079E-03
0.000E+OO 0.000E+OO 4.959E-08 1.892E-02
0.000E+OO 0.000E+OO 5.440E-06 7.616E-02
0.000E+OO 0.000E+OO 1.814E-04 3.391E-01
0.000E+OO 0.000E+OO 1.153E-03 6.676E-01
0.000E+OO 0.000E+OO 5.044E-03 8.976E-01
0.000E+OO 0.000E+OO 1.579E-02 1.136E+O0
0.000E+OO 0.000E+OO 3.173E-02 1.454E+00
0.000E+OO 0.000E+OO 4.846E-02 1.809E+O0
0.000E+OO 0.000E+OO 6.170E-02 2.098E+O0
1.206E-08 0.000E+OO 7.130E-02 2.273E+O0
3.221E-07 0.000E+OO 7.833E-02 2.345E+O0
1.872E-05 0.000E+OO 8.401E-02 2.358E+O0
1.354E-04 0.000E+OO 8.998E-02 2.399E+O0
3.629E-04 0.000E+OO 9.491E-02 2.481E+O0
6.183E-04 0.000E+OO 9.927E-02 2.600E+O0
8.572E-04 0.000E+OO 1.041E-01 2.737E+O0
1.095E-03 0.000E+OO 1.089E-01 2.891E+O0
1.279E-03 0.000E+OO 1.134E-01 2.996E+O0
1.857E-03 0.000E+OO 1.244E-01 3.242E+O0
2.465E-03 0.000E+OO 1.302E-01 3.343E+O0
3.061E-03 0.000E+OO 1.331E-01 3.264E+O0
3.642E-03 0.000E+OO 1.332E-01 3.105E+OO
4.201E-03 0.000E+OO 1.332E-01 2.950E+O0
5.339E-03 0.000E+OO 1.366E-01 2.743E+O0
6.097E-03 0.000E+OO 1.374E-01 2.735E+O0
6.661E-03 0.000E+OO 1.423E-01 2.685E+O0
7.128E-03 0.000E+OO 1.446E-01 2.538E+O0
7.465E-03 0.000E+OO 1.458E-01 2.413E+O0
7.821E-03 0.000E+OO 1.486E-01 2.326E+O0
8.109E-O3 O.000~+00 1.520E-01 2.253E+O0
8.372E-03 0.000E+OO 1.537E-01 2.098E+O0
8.743E-03 0.000E+OO 1.587E-01 2.050E+O0
9.175E-03 0.000E+OO 1.676E-01 2.007E+O0
9.683E-03 0.000E+OO 1.769E-01 1.968E+O0
1.038E-02 0.000E+OO 1.873E-01 1.955E+O0
1.099E-02 0.000E+OO 1.958E-01 1.926E+O0
1.164E-02 0.000E+OO 2.033E-01 1.903E+O0
1.325E-02 0.000E+OO 2.189E-01 1.881E+O0
1.484E-02 0.000E+OO 2.304E-01 1.861E+O0
1.673E-02 0.000E+OO 2.425E-01 1.799E+O0
1.856E-02 0.000E+OO 2.522E-01 1.756E+O0
2.066E-02 0.000E+OO 2.618E-01 1.701E+O0

emission energies for A<5 ejectiles in MeV:
neutron proton deuteron triton helium3 alpha gamma

0.000E+OO 1.882E+O0 0.000E+OO 0.000E+OO 0.000E+OO 2.168E+O0 2.057E+O0
0.000E+OO 2.727E+O0 0.000E+OO 0.000E+OO 0.000E+OO 3.137E+O0 4.953E-01
8.062E-01 3.301E+O0 0.000E+OO 0.000E+OO 0.000E+OO 4.020E+O0 5.412E-01
1.102E+OO 4.029E+O0 0.000E+OO 0.000E+OO 0.000E+OO 4.937E+O0 8.206E-01
1.412E+O0 4.705E+O0
1.757E+O0 5.234E+O0
2,045E+O0 5.676E+O0
2.308E+O0 5.946E+O0
2.533E+O0 6.093E+O0
2.708E+O0 6.062E+O0
2.793sZ+O05.954E+O0
2.?Gn3+4N -5,e63w43G

0.000E+OO
1.185E+O0
2.130E+O0
3.057E+O0
3.751E+O0
4.345E+O0
4.879E+O0

–S=321K-+06--

0.000E+OO O
0.000E+OO O
0.000E+OO O
0.000E+OO’O
0.000E+OO O
0.000E+OO O
9.944E-01 o
i-.2M5ZWOU–9-

1.400E+01 2.647E+O0 5.814E+O0 5.887E+O0 2.730E+O0 O.

000E+OO
000E+OO
000E+OO
000E+OO
OOOE+OO
000E+OO
000E+OO
00UPA+OD
000E+OO

1.500E+01 2.560E+O0 5.818E+O0
1.600E+01 2.5153!+005.999E+O0
1.700E+01 2.512E+O0 6.252E+O0
1.800E+01 2,556E+O0 6.547E+O0
1.900E+Ol 2.637E+O0 6.829E+O0
2.000E+O1 2.791E+O0 7.121E+O0

2,2(lIJEMl3,105E+OO7.708E+O0
2.400E+013.359E+O08.189E+O0
2.600E+013.543E+O08.594E+O0
2.800E+013.713E+O08.966E+O0

6.470E+O0 3.485E+O0
7.061E+O0 4.064E+O0
7.663E+O0 4.558E+O0
8.276E+O0 5.060E+O0
8.880E+O0 5.511E+O0
9.462E+O0 5.903E+O0
1.0581!+Ol6.773E+O0
1.168E+017.662E+O0
1.267E+01 8.526E+O0
1.377E+01 9.337E+O0

0.000E+OO
0.000E+OO
0.000E+OO
0.000E+OO
0.000E+OO
0.000E+OO
0.00bE+OO
0.000E+OO
0.000E+OO
0.000E+OO

5.745E+O0
6.550E+O0
7.341E+O0
8.000E+OO
8.511E+O0
8.904E+O0
9.181E+O0
9“.380E+O0
9.511E+O0

9.920E-01
1.175E+O0
1.341E+O0
1.494E+O0
1.637E+O0
1.745E+O0
1.814E+O0
1.827Eioo
1.781E+O0

9.580E+O0 1.712E+O0
9.620E+O0 1.643E+O0
9.640E+O0 1.592E+O0
9.679E+O0 1.577E+O0
9.754E+O0 1.591E+O0
9.869E+O0 1.698E+O0
1.006E+01 1.781E+O0
1.032E+01 1.835E+O0
1.057E+01 1.829E+O0
1.078E+01 1.796E+O0
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3.000E+O1 3.920E+O0 9.327E+O0 1.488E+01 1,009E+01 0.000E+OO
3.500E+01 4.512E+O0 1.039E+01 1.756E+01 1.193E+01 0.000E+OO
4.000E+O1 5.139E+O0 1.161E+01 2.041E+01 1.364E+01 0.000E+OO
4.500E+01 5.617E+O0 1.251E+01 2.323E+01 1.505E+01 0.000E+OO
5.000E+O1 6.013E+o0 1.317E+01 2.585E+01 1.635E+01 0.000E+OO
5.500E+OI 6.458E+o0 1.401E+01 2.827E+01 1.754E+01 0.000E+OO
6.000E+O1 6.8$4E+00 1.473E+01 3.053E+01 1.845E+01 0.000E+OO
6.500E+01 7.298E+o0 1.543E+01 3.286E+01 1.925E+01 0.000E+OO
7.000E+O1 7.785E+o0 1.61OE+O1 3.513E+01 1,993E+01 0.000E+OO
7.500E+01 8.206E+o0 1.672E+01 3.718E+01 2.027E+01 0.000E+OO
8.000E+OI 8.525E+O0 1.723E+01 3.903E+01 2.029E+01 0.000E+OO
8.500E+01 8.859E+00 1.773E+01 4.006E+01 2.018E+01 0.000E+OO
9.000E+OI 9.169E+O0 1.815E+01 4.126E+01 1.970E+01 0.000E+OO
9.500E+01 9.497E+O0 1.867E+01 4.286E+01 1.940E+01 0.000E+OO
1.000E+02 9.865E+O0 1.925E+01 4.438E+01 1.903E+01 0.000E+OO
1.1OOE+O2 1.047E+01 2.032E+01 4.701E+01 1.802E+01 0.000E+OO
1.200E+02 1.114E+01 2.152E+01 4.942E+01 1.708E+01 0.000E+OO
1.300E+02 1.176E+01 2.264E+01 5.161E+01 1.595E+01 0.000E+OO
1.400E+02 1.246E+01 2.384E+01 5.362E+01 1.484E+01 0.000E+OO
1.500E+02 1.31.9E+OI2.500E+01 5.441E+01 1.378E+01 0.000E+OO

1.095E+01 1.770E+O0
1.127E+01 1.763E+O0
1.163E+01 1.784E+O0
1.191E+01 1.789E+O0
1.213E+01 1.803E+O0
1.234E+01 1.813E+O0
1.251E+01 1.803E+O0
1.265E+01 1.808E+O0
1.282E+01 1.714E+O0
1.293E+01 1.707E+O0
1.299E+01 1.719E+O0
1.306E+01 1.741E+O0
1.312E+01 1.745E+O0
1.319E+01 1.760E+O0
1.328E+01 1.757E+O0
1.342E+01 1.766E+O0
1.360E+01 1.767E+O0
1.375E+01 1.780E+O0
1.389E+01 1.757E+O0
1.404E+01 1.759E+O0
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p + 61Ni angle-integrated emission spectra



p +6’Ni Kalbach preequilibrium ratios
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EVALUATION OF p + 62Ni CROSS SECTIONS FOR THE ENERGY
RANGE 1 to 150 MeV

S. Chiba, M. B. Chadwick, P. G. young, and A. J. Koning
24 September 1997

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
proton energy range from 1 to 150 MeV. The evaluation utilizes
MF=6, MT=S to represent all reaction data. Production cross
sections and emission spectra are given for neutrons, protons,
deuterons, tritons, alpha particles, gamma rays, and all

residual nuclides produced (A>5) in the reaction chains. To
summarize, the ENDF sections with non-zero data above are:

MF=3 MT= 2 Integral of nuclear plus interference components
of the elastic scattering cross section

MT= 5 Sum of binary (p,n’) and (p,x) reactions

MF=6 MT= 2 Elastic (p,p) angular distributions given as
ratios of the differential nuclear-plus-
interference to the integrated value.

MT= 5 Production cross sections and energy-angle
distributions for emission neutrons, protons,
deuterons, and alphas; and angle-integrated
spectra for gamma rays and residual nuclei that
are stable against particle emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
Ni58 and p + Ni58 reactions (Ch97) .’We use the GNASH code system
(Y092) , which utilizes Hauser-Feshbach statistical,
preequilibrium and direct-reaction theories. Spherical optical
model calculations are used to obtain particle transmission
coefficients for the Hauser-Feshbach calculations, as well as
for the elastic proton angular distributions.

Cross sections and spectra for produ-cing individual residual
nuclei are included for reactions. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A model was developed to calculate the energy distributions of

all recoil nuclei in the GNASH calculations (Ch96) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. All
other data in MT=5,MF=6 are given in the center-of-mass system.
This method of representation utilizes the LCT=3 option approved
at the November, 1996, CSEWG meeting.

Preequilibrium corrections were performed in the course of- the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85), validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Gilbert and Cameron [Gi65] and pairing
and shell parameters from the cook (COGT) analysis. Neutron and
charged- particle transmission coefficients were obtained from
the optical potentials, as discussed below. Gamma-ray



transmission coefficients were calculated using the Kopecky-Uhl
model (K090) .

DETAILS OF THE p + 62Ni ANALYSIS

The neutron optical model potential was adjusted to reproduce the
measured total cross section data (’C!i68,Pe73, SC73, La83, Di97,
Fa66, Du67) and s-wave strength function (Mu81) . The data for
natural Ni and Ni-58 were also used because there was not enough
data for Ni-62 “above MeV region. The total cross section data for
natural Ni and Ni-58 were transformed to the Ni-62 cross section
according to A*(2/3) law.

The parameter estimation was carried out based on Marquart-
Bayesian approach (Sm91), where EcIS95 Ra96) code was used for the
optical model calculation. We have employed the energy dependence
of the optical potential similar to Delaroche’s work(De89) . The
initial potential parameters were adopted from Koning and
Delaroche (K097) . Total of 7 parameters concerning the central
potential depth were estimated with associated covariance matrix,
while the geometircal parameters were fixed to the result of a
similar search for n + Ni-58. Presently obtained potential was
used for the calculation of neutron transmission coefficients in
the energy region above 20 MeV. Below 20 MeV, the Harper neutron
potential (Ha82) was used for the calculation of transmission
coefficients .

The proton optical potential was also searched for to obtain a
good description of proton-total reaction cross section as
predicted by Wellisch-Axen systematic (We96) above 50 MeV. The
parameter estimation-was carried out by the Marquart-Bayesian
approach similar to the neutron OMP, but trying to seek the best
parameter to reproduce the reaction cross sections compiled by
Carlson (Ca96) and Wellisch values. The experimental data in
Carlson (Ca96) was scaled for Ni-62 according to A**(2/3) law. In
this search, the geometrical parameters were fixed to be same as
the neutron potential. The present potential gives a good
description of the proton total reaction cross section from 10 MeV
to 250 MeV. However, after some trial and error to reproduce both
the elastic scattering and reaction cross section data-for Ni-58,
we have employed the following combination of proton potentials:

o to 5 MeV : Harper potential (Ha82)
6 to 47 MeV : Koning and Delaroche (K097)

48 to 260 MeV : Present OMP

For deuterons, the Lohr-Haeberli [L074] global potential was used
for alpha particles the McFadden-Satchler [MC66] potential was
used; and for tritons the Beccheti-Greenlees [Be71] potential was
used. The He-3 channel was ignored.

T&le-di-~~%––=21e-tiive ineiast”ic scattering to the following levels
in Ni-62 was considered by the DWBA-mode calculation of ECIS95
(Ra96) :

Jpi Ex(MeV) Deformation length
2+ 1.173 1.008
3- 3.757 0.83

The data deformation length for the 2+ state was retrieved from



the literature (Ra87) . For the 3- level, it was estimated to be
an average of the quantity for Ni-58 and Ni-60.

**************** **************** **************** ****************
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28062 = TARGET 1000Z+A (if A=O then elemental)
1001 = PROJECTILE 1000Z+A
Nonelastic, elastic, and Production cross sections for A<!ie
Energy nonelas elastic neutron proton deuteron

.. ...
2.000E+OO 4;579E-04 0.000E+OO 0.000E+OO 6.196E-08 0.000E+OO
3.000E+OO 2.922E-03 0.000E+OO 0.000E+OO 1.363E-03 0.000E+OO
4.000E+OO 3.402E-02 0.000E+OO 0.000E+OO 3.201E-02 0.000E+OO
4.808E+O0 2.155.E-010.000E+OO 1.180E-01 0.000E+OO 0.000E+OO
5.000E+OO 2.599E-01 0.000E+OO 1.423E-01 1.159E-01 0.000E+OO
6.000E+OO 4.690E-01 0.000E+OO 3.593E-01 1.088E-01 0.000E+OO
7.000E+OO 5.055E-01 0.000E+OO 3.296E-01 1.743E-01 0.000E+OO
8.000E+OO 5.371E-01 0.000E+OO 2.958E-01 2.376E-01 0.000E+OO
9.000E+OO 6.147E-01 0.000E+OO 3.524E-01 2.543E-01 0.000E+OO
1.000E+O1 7.147E-01 0.000E+OO 4.289E-01 2.706E-01 2.434E-08
1.1OOE+O1 7.987E-01 0.000E+OO 4.737E-01 3.018E-01 1.377E-05
1.200E+01 8.613E-01 0.000E+OO 5.033E-01 3.275E-01 2.246E-04
1.300E+01 9.128E-01 0.000E+OO 5.230E-01 3.674E-01 1.150E-03
1.400E+01 9.584E-01 0.000E+OO 5.417E-01 4.622E-01 3.207E-03
1.500E+01 9.975E-01 0.000E+OO 6.075E-01 5.489E-01 6.495E-03
1.600E+01 1.028E+O0 0.000E+OO 6.977E-01 6.225E-01 1.000E-02
1.700E+01 1.052E+O0 0.000E+OO 8.O1OE-O1 6.693E-01 1.397E-02
1.800E+01 1.070E+O0 0.000E+OO 8.886E-01 6.913E-01 1.849E-02
1.900E+01 1.084E+O0 0.000E+OO 9.564E-01 7.049E-01 2.266E-02
2.000E+O1 1.096E+O0 0.000E+OO 9.999E-01 7.162E-01 2.887E-02
2.200E+01 1.115E+O0 0.000E+OO 1.067E+O0 7.313E-01 3.776E-02
2.400E+01 1.129E+O0 0.000E+OO 1.144E+O0 7.556E-01 4.350E-02
2.600E+01 1.136E+O0 0.000E+OO 1.224E+O0 7.896E-01 5.124E-02
2.800E+01 1.136E+O0 0.000E+OO 1.295E+O0 8.296E-01 5.848E-02
3.000E+O1 1.130E+O0 0.000E+OO 1.359E+O0 8.698E-01 6.486E-02
3.500E+01 1.105E+OO 0.000E+OO 1.511E+O0 9.392E-01 7.629E-02
4.000E+O1 1.074E+O0 0.000E+OO 1.578E+O0 9.951E-01 8.294E-02
4.500E+01 1.045E+O0 0.000E+OO 1.658E+O0 1.051E+O0 8.758E-02
5.000E+O1 9.787E-01 0.000E+OO 1.688E+O0 1.075E+O0 8.795E-02
5.500E+01 9.371E-01 0.000E+OO 1.727E+O0 1.109E+OO 8.738E-02
6.000E+O1 9.056E-01 O.OOOE+OO 1.764E+O0 1.140E+O0 8.849E-02
6.500E+01 8.806E-01 0.000E+OO 1.813E+O0 1.172E+O0 8.956E-02
7.000E+O1 8.615E-01 0.000E+OO 1.844E+O0 1.211E+O0 9.214E-02
7.500E+01 8.472E-01 0.000E+OO 1.921E+O0 1.265E+O0 9.051E-02
8.000E+O1 8.362E-01 0.000E+OO 1.985E+O0 1.309E+O0 9.074E-02
8.500E+01 8.276E-01 0.000E+OO 2.043E+O0 1.354E+O0 9.177E-02
9.000E+O1 8.205E-01 0.000E+OO 2.105E+OO 1.402E+O0 9.316E-02
9.500E+01 8.144E-01 0.000E+OO 2.155E+O0 1.443E+O0 9.433E-02
1.000E+02 8.088E-01 0.000E+OO 2.204E+O0 1.482E+O0 9.527E-02
1.1OOE+O2 7.987E-01 0.000E+OO 2.299E+O0 1.556E+O0 9.781E-02
1.200E+02 7.891E-01 0.000E+OO 2.375E+O0 1.615E+O0 1.002E-01
1.300E+02 7.797E-01 0.000E+OO 2.441E+O0 1.665E+O0 1.028E-01
1.400E+02 7.706E-01 0.000E+OO 2.482E+O0 1.705E+O0 1.031E-01
1.500E+02 7.617E-01 0.000E+OO 2.507E+O0 1.737E+O0 1.043E-01

ljectiles i
triton

0.000E+OO
0.000E+OO
0.000E+OO
0.000E+OO
0.000E+OO
0.000E+OO
0.000E+OO
0.000E+OO
0.000E+OO
0.000E+OO
5.342E-14
8.543E-08
5.569E-06
3.936E-05
1.217E-04
2.845E-04
5.532E-04
9.027E-04
1.281E-03
1.574E-03
2.321E-03
3.043E-03
3.707E-03
4.336E-03
4.918E-03
6.043E-03
6.730E-03
7.255E-03
7.632E-03
7.944E-03
8.265E-03
8.544E-03
8.803E-03
9.383E-03
9.861E-03
1.038E-02
1.108E-O2
1.166E-02
1.229E-02
1.376E-02
1.516E-02
1.674E-02
1.804E-02
1.948E-02

.nbarns:
helium3 alpha gamma

0.000E+OO 7.819E-09 6.632E-04
0.000E+OO 4.612E-08 3.525E-03
0.000E+OO 8.014E-06 3.532E-02
0.000E+OO 0.000E+OO 0.000E+OO
0.000E+OO 1.878E-04 2.078E-01
0.000E+OO 3.877E-04 6.613E-01
0.000E+OO 1.225E-03 8.332E-01
0.000E+OO 3.296E-03 9.756E-01
0.000E+OO 7.629E-03 1.307E+O0
0.000E+OO 1.470E-02 1.750E+O0
0.000E+OO 2.260E-02 2.138E+O0
0.000E+OO 2.977E-02 2.494E+O0
0.000E+OO 3.628E-02 2.793E+O0
0.000E+OO 4.189E-02 2.890E+O0
0.000E+OO 4.771E-02 2.846E+O0
0.000E+OO 5.149E-02 2.649E+O0
0.000E+OO 5.507E-02 2.486E+O0
0.000E+OO 5.939E-02 2.431E+O0
0.000E+OO 6.481E-02 2.489E+O0
0.000E+OO 7.194E-02 2.555E+O0
0.000E+OO 8.577E-02 2.852E+O0
0.000E+OO 9.611E-02 2.955E+O0
O.OOOE+OO,l.013E-01 3.023E+O0
0.000E+OO 1.031E-01 3.066E+O0
0.000E+OO 1.042E-01 3.O1lE+OO
0.000E+OO 1.083E-01 2.828E+O0
0.000E+OO 1.139E-01 2.728E+O0
0.000E+OO 1.225E-01 2.671E+O0
0.000E+OO 1.246E-01 2.520E+O0
0.000E+OO 1.287E-01 2.385E+O0
0.000E+OO 1.329E-01 2.306E+O0
0.000E+OO 1.381E-01 2.240E+O0
0.000E+OO 1.428E-01 2.084E+O0
0.000E+OO 1.538E-01 2.021E+O0
0.000E+OO 1.625E-01 1.991E+O0
0.000E+OO 1.706E-01 1.965E+O0
0.000E+OO 1.796E-01 1.949E+O0
0.000E+OO 1.861E-01 1.928E+O0
0.000E+OO 1.924E-01 1.918E+O0
0.000E+OO 2.058E-01 1.879E+O0
0.000E+OO 2.162E-01 1.822E+O0
0.000E+OO 2.255E-01 1.805E+O0
0.000E+OO 2.323E-01 1.781E+O0
0.000E+OO 2.383E-01 1.735E+O0

28062 = TARGET 1000z+A (if A=O then elemental)
1001 = PROJECTILE 1000Z+A
Aver. lab emission energies for A<5 ejectiles in MeV:
Ener~ neutron proton deuteron triton heliti alpha gaunua

2.000E+OO 0.000E+OO 7.385E-01’0.000E+OO 0.000E+OO 0.000E+OO 2.080E+O0 3.960E+O0
3.000E+OO 0.000E+OO 1.723E+O0 0.000E+OO 0.000E+OO 0.000E+OO 3.012E+O0 3.153E+O0
4.000E+OO 0.000E+OO 2.684E+O0 0.000E+OO 0.000E+OO 0.000E+OO 3.938E+O0 1.518E+O0
4.808E+O0 1.233E-03 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO
5.000E+OO 9.429E-02 3.489E+O0 0.000E+OO 0.000E+OO 0.000E+OO 4.853E+O0 9.263E-01
6.000E+OO 7.227E-01 4.196E+O0 0.000E+OO 0.000E+OO 0.000E+OO 5.687E+O0 5.787E-01
7.000E+OO 1.241E+O0 5.069E+O0 0.000E+OO 0.000E+OO 0.000E+OO 6.429E+O0 7.728E-01
8.000E+OO 1.662E+O0 5.940E+O0 0.000E+OO 0.000E+OO 0.000E+oO 7.094E+O0 9.484E-01
9.000E+OO 2.015E+O0 6.319E+O0 0.000E+OO 0.000E+oo 0.000E+OO 7.690E+O0 1.091E+O0
1.000E+O1 2.311z+O0 6.522E+O0 1.376E+O0 0.000E+OO 0.000E+OO 8.147E+O0 1.223E+O0
I.ZOQE+O1 2..498+!H-OQ6.e36z&G- 2;3G4E+OG--G=46~S-G5-GYCfm?&+GO-GZ5G3E+00–i:31KE+OU
1.200E+01 2.702E+O0 7.114E+O0 3.085E+O0 1.701E+O0 0.000E+OO 8.778E+O0 1.549E+O0
1.300E+01 2.869E+O0 7.039E+O0 3.822E+O0 2.622E+O0 0.000E+OO 9.009E+O0 1.674E+O0
1.400E+01 2.979E+O0 6.518E+O0 4.426E+O0 3.463E+O0 0.000E+OO 9.191E+O0 1.739E+O0
1.500E+01 2.904E+O0 6.017E+O0 5.054E+O0 3.977E+O0 0.000E+OO 9.328E+O0 1..76OE+OO
1.600E+01 2.737E+O0 6.106E+OO 5.752E+O0 4.389E+O0 0.000E+OO 9.428E+O0 1.707E+O0
1.700E+01 2.604E+O0 6.344E+O0 6.354E+O0 4.777E+O0 0.000E+OO 9.46?E+O0 1.616E+O0
1.800E+01 2.588E+O0 6.678E+O0 6.968E+O0 5.181E+O0 0.000E+OO 9.427E+O0 1.547E+O0
1.900E+01.2.663E+O0 7.I)02E+01)7.531E+00 5.659E+O0 0.000E+OO 9.388E+O0 1.515E+O0
2.000E+Ol 2.793E+O0 7.369E+O0 8.196E+O0 6.124E+O0 0.000E+OO 9.346E+O0 1.546E+O0
2.200E+01 3.063E+O0 8.058E+O0 9.439E+O0 7.079E+O0 0.000E+OO 9.477E+O0 1.611E+00
2.400E+01 3.300E+O0 8.677E+O0 1.048E+01 8.006E+O0 0.000E+OO 9.735E+O0 1.678E+O0
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2.600E+01 3.472E+O0 9.245E+O0 1.160E+01 8.888E+O0 0.000E+OO
2.800E+01 3.636E+O0 9.780E+O0 1.z70E+01 9.696E+O0 0.000E+OO
3.000E+O1 3.809E+O0 1.031E+01 1.383E+01 1.046E+01 0.000E+OO
3..5OOE+O14.234E+O0 1.176E+01 1.673E+01 1.235E+01 0.000E+OO
4.000E+O1 4.781E+O0 1.324E+01 1.971E+01 1.412E+01 0.000E+OO
4.500E+01 5.265E+O0 1.429E+01 2.273E+01 1.563E+01 0.000E+OO
5.000E+O1 5.666E+O0 1.505E+01 2.543E+01 1.689E+01 0.000E+OO
5.500E+01 6.069E+O0 1.602E+01 2.785E+01 1.809E+01 0.000E+OO
6.000E+O1 6.469E+O0 1.694E+01 3.033E+01 1.900E+01 0.000E+OO
6.500E+01 6.857E+O0 1.773E+01 3.276E+01 1.979E+01 0.000E+OO
7.000E+O1 7.280E+O0 1.841E+01 3.556E+01 2.028E+01 0.000E+OO
7.500E+01 7.571E+O0 1.885E+01 3.678E+01 2.017E+01 0.000E+OO
8.000E+O1 7.916E+O0 1.944E+01 3.847E+01 2.012E+01 0.000E+OO
13.500E+018.263E+O0 2.002E+01 4.027E+01 1.997E+01 0.000E+OO
9.000E+O1 8.583E+O0 2.054E+01 4.177E+01 1.955E+01 0.000E+OO
9.500E+01 8.942E+O0 2.115E+01 4.338E+01 1.927E+01 0.000E+OO
1.000E+02 9.293E+O0 2.178E+01 4.478E+01 1.892E+01 0.000E+OO
1.1OOE+O2 9.958E+O0 2.296E+01 4.733E+01 1.802E+01 O.OOOE+OO
1.200E+02 1.061E+01 2.429E+01 5.005E+01 1.709E+01 0.000E+OO
1.300E+02 1.125E+01 2.563E+01 5.235E+01 1.590E+01 0.000E+OO
1.400E+02 1.197E+01 2.711E+01 5.409E+01 1.485E+01 0.000E+OO
1.!500E+021.270E+01 2.860E+01 5.614E+01 1.383E+01 0.000E+OO

9.992E+O0
1.020E+01
1.033E+01
1.059E+01
1.086E+01
1.lllE+O1
1..135E+O1
1.156E+01
1.173E+01
1.190E+01
1.206E+01
1.218E+01
1.230E+01
1.242E+01
1.253E+01
1.265E+01
1.277E+01
1.297E+01
1.317E+01
1.337E+01
1.356E+01
1.373E+01

1.684E+O0
1.716E+O0
1.729E+O0
1.689E+O0
1.657S+00
1.667E+O0
1.693E+O0
1.703E+O0
1.702E+O0
1.689E+O0
1.654Z+O0
1.665E+O0
1.674E+O0
1.680E+O0
1.693E+O0
1.715E+O0
1.733E+O0
1.712E+O0
1.734E+O0
1.739s+00
1.742E+O0
1.754E+O0
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p+ 62Ni angle-integrated emission spectra
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EVALUATION OF p + 64Ni CROSS SECTIONS FOR THE ENERGY
RANGE 1 to 150 MeV

S. Chiba, M. B. Chadwick, P. G. Young, and A. J. Koning
24 September 1997

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
proton energy range from 1 to 150 MeV. The evaluation utilizes
MF=6, MT=5 to represent all reaction data. Production cross
sections and emission spectra are given for neutrons, protons,
deuterons, tritons, alpha particles, gamma rays, and all
residual nuclides produced (A>5) in the reaction chains. To
summarize, the ENDF sections with non-zero data above are:

MF=3 MT= 2 Integral of nuclear plus interference components
of the elastic scattering cross section

MT= 5 Sum of binary (p,n’) and (p,x) reactions

MF=6 MT= 2 Elastic (p,p) angular distributions given as
ratios of the differential nuclear-plus-
interference to the integrated value.

MT= 5 Production cross sections and energy-angle
distributions for emission neutrons, protons,
deuterons, and alphas; and angle-integrated
spectra for gamma rays and residual nuclei that
are stable against particle emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
Ni58 and p + Ni58 reactions (Ch97) . We use the GNASH code system
(Y092) , which utilizes Hauser-Feshbach statistical,
preequilibrium and direct-reaction theories. Spherical optical
model calculations are used to obtain particle transmission
coefficients for the Hauser-Feshbach calculations, as well as
for the elastic proton angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A model was developed to calculate the energy distributions of

all recoil nuclei in the GNASH calculations (Ch96) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. All
other data in MT.5,MF.6 are given in the center-of-mass system.
This method of representation utilizes the LCT.3 option approved
at the November, 1996, C’SEWG meeting+

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85) , validated by comparison with calculations using Feshbach,
Ke rman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Gilbert and Cameron [Gi65] and pairing
and shell parameters from the Cook (C067) analysis. Neutron and
charged- particle transmission coefficients were obtained from
the optical potentials, as discussed below. Gamma-ray



transmission coefficients were calculated using the Kopecky-Uhl
model (K090) .

DETAILS OF THE p + 64Ni ANALYSIS

The neutron optical model potential was adjusted to reproduce the
measured total cross section data (Ci68, Pe73, SC73, La83, Di97,
Fa66, Du67) and s-wave strength function (Mu81) . The data for
natural Ni were also used because there was not enough data for
Ni-64 at MeV region. The data for natural Ni were transformed to
the Ni-64 cross section according to A*(2/3) law. The parameter
estimation was carried out based on Marquart-Bayesian approach
(Sm91) , where ECIS95 code was used for the optical model
calculation. We have employed the energy dependence of the
optical potential similar to Delarochefs work(De89) . The initial
potential parameters were adopted from Koning and Delaroche
(K097) . Total of 7 parameters concerning the central potential’
depth were estimated with associated covariance matrix, while the
geometrical parameters were fixed to the result of a similar
search for n + Ni-58. Presently obtained potential was used for
the calculation of neutron transmission coefficients in the energy
region above 20 MeV. Below 20 MeV, the Harper neutron potential
(Ha82) was used for the calculation of transmission coefficients.

The proton optical potential was also searched for to obtain a
good description of proton-total reaction cross section as
predicted by Wellisch-Axen systematic (We96) above 50 MeV. The
parameter estimation was carried out by the Marquart-Bayesian
approach similar to the neutron OMP, but trying to seek the best
parameter to reproduce the reaction cross sections compiled by
Carlson (Ca96) and Wellisch values. The experimental data in
Carlson (Ca96) was scaled for Ni-64 according to A**(2/3) law. In
this search, the geometrical parameters were fixed to be same as
the neutron potential. The present potential gives a good
description of the proton total reaction cross section from 10 MeV
to 250 MeV. However, after some trial and error to reproduce both
the elastic scattering and reaction cross section data for Ni-58,
we have employed the following combination of proton potentials:

o to 5 MeV : Harper potential (Ha82)
6 to 47 MeV : Koning and Delaroche (K097)

48 to 260 MeV : Present OMP

For deuterons, the Lohr-Haeberli [L074] global potential was used;
for alpha particles the McFadden-Satchler [Mc66] potential was
used; and for tritons the Beccheti-Greenlees [Be71] potential was
used. The He-3 channel was ignored.

The direct collective inelastic scattering to the following levels
in Ni-64 was considered by the DWBA-mode calculation of ECIS95
(Ra96) :

Jpi Ex(MeV) Deformation length
2+ 1.3458 0.92149
3- 3.56 0.838

The data for 2+ was retrieved from the li~erature (Ra87) . The
deformation length for the 3- level scaled from that of Ni-62
according to A**(l/3) law.
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28064 = TARGET 1000Z+A (if A=O then elemental)
1001 = PROJECTILE 1000z+A
Nonelastic, elastic, and Production cross sections far A<5 ejectiles in barns:
Enerw nonelas elastic neutron proton deutercm triton helium3 alpha gannna

2.000E+OO 7.871E-04 0.000E+OO 0.000E+OO 9.915E-09 0.000E+OO 0.000E+OO 0.000E+OO-2.159E-11 1.021E-03
3.000E+OO 3.316E-02 0.000E+OO 3.307E-02 5.574E-06 0.000E+OO 0.000E+OO 0.000E+OO 3.568E-08 2.022E-02
4.000E+OO 1.407E-01 0.000E+OO 1.402E-01 3.808E-04 0.000E+OO 0.000E+OO 0.000E+OO 7.047E-07 1.834E-01
5.000E+OO 2.719E-01 0.000E+OO 2.674E-01 4.356E-03 0.000E+OO 0.000E+OO 0.000E+OO 2.924E-05 4.743E-01
6.000E+OO 3.096E-01 0.000E+OO 2.820E-01 2.723E-02 0.000E+OO 0.000E+OO 0.000E+OO 1.705E-04 6.377E-01
7.000E+OO 2.947E-01 0.000E+OO 1.846E-01 1.095E-01 0.000E+OO 0.000E+OO 0.000E+OO 4.582E-04 5.771E-01
8.000E+OO 3.822E-01 0.000E+OO 2.040E-01 1.767E-01 0.000E+OO 0.000E+OO 0.000E+OO 1.286E-03 7.804E-01
9.000E+OO 5.154E-01 0.000E+OO 3.280E-01 1.838E-01 4.607E-09 1.870E-08 0.000E+OO 3.321E-03 1.284E+O0
1.000E+O1 6.088E-01 0.000E+OO 4.145E-01 1.880E-01 S.214E-06 3,713E-08 0.000E+OO 5.907E-03 1.715E+O0
1.1OOE+O1 6.941E-01 0.000E+OO 5.135E-01 1.868E-01 1.161E-04 3.401E-06 0.000E+OO 8.761E-03 2.103E+OO
1.200E+01 7.757E-01 0.000E+OO 7.069E-01 1.864E-01 7.273E-04 3.212E-05 0.000E+OO 1.162E-02 2.141E+O0
1.300E+01 8.498E-01 0.000E+OO 9.296E-01 1.841E-01 2.338E-03 1.239E-04 0.000E+OO 1.433E-02 2.085E+O0
1.400E+01 9.089E-01 0.000E+OO 1.118E+O0 1.896E-01 5.037E-03 3.138E-04 0.000E+OO 1.680E-02 2.046E+O0
1.500E+01 9.522E-01 0.000E+OO 1.318E+O0 1.675E-01 8.681E-03 6.454E-04 0.000E+OO 1.963E-02 2.080E+O0
1.600E+01 9.866E-01 0.000E+OO 1.406E+O0 1.896E-01 1.285E-02 1.029E-03 0.000E+OO 2.196E-02 2.162E+O0
1.700E+01 1.016E+O0 0.000E+OO 1.464E+O0 2.122E-01 1.729E-02 1.514E-03 0.000E+OO 2.498E-02 2.305E+O0
1.800E+01 1.042E+O0 0.000E+OO 1.507E+O0 2.315E-01 2.183E-02 2.024E-03 0.000E+OO 2.902E-02 2.513E+O0
1.900E+01 1.066E+O0 0.000E+OO 1.549E+O0 2.475E-01 2.476E-02 2.544E-03 0.000E+OO 3.446E-02 2.740E+O0
2.000E+O1 1.087E+O0 0.000E+OO 1.586E+O0 2.633E-01 2.923E-02 3.236E-03 0.000E+OO 4.O1lE-02 2.903E+O0
2.200E+01 1.121E+O0 0.000E+OO 1.644E+O0 3.253E-01 3.811E-02 4.190E-03 0.000E+OO 5.102E-O2 3.214E+O0
2.400E+01 1.145E+O0 0.000E+OO 1.708E+O0 4.173E-01 4.622E-02 4.872E-03 0.000E+OO 5.999E-02 3.372E+O0
2.600E+01 1.156E+O0 0.000E+OO 1.806E+O0 4.872E-01 5.378E-02 5.721E-03 0.000E+OO 6.811E-02 3.339E+O0
2.800E+01 1.158E+O0 0.000E+OO 1.928E+O0 5.246E-01 6.078E-02 6.468E-03 0.000E+OO 7.526E-02 3.278E+O0
3.000E+O1 1.154E+O0 0.000E+OO 2.034E+O0 5.502E-01 6.709E-02 7.092E-03 0.000E+OO 8.150E-02 3.200E+O0
3.500E+01 1.132E+O0 0.000E+OO 2.144E+O0 6.200E-01 7.849E-02 8.164E-03 0.000E+OO 9.124E-02 3.180E+O0
4.000E+O1 I.102E+OO 0.000E+OO 2.183E+O0 6.884E-01 8.484E-02 8.789E-03 0.000E+OO 9.519E-02 3.137E+O0
4.500E+01 1.071E+O0 0.000E+OO 2.283E+O0 7.311E-01 8.758E-02 9.285E-03 0.000E+OO 1.040E-01 3.018E+O0
5.000E+O1 1.020E+O0 0.000E+OO 2.327E+O0 7.517E-01 8.973E-02 9.619E-03 0.000E+OO 1.112E-01 2.905E+O0
5.500E+01 9.747E-01 0.000E+OO 2.335E+O0 7.790E-01 9.049E-02 9.867E-03 0.000E+OO 1.165E-01 2.808E+O0
6.000E+O1 9.377E-01 0.000E+OO 2.352E+O0 8.064E-01 9.158E-02 1.021E-02 0.000E+OO 1.228E-01 2.713E+O0
6.500E+01 9.079E-01 0.000E+OO 2.382E+O0 8.353E-01 9.260E-02 1.058E-02 0.000E+OO 1.297E-01 2.602E+O0
7.000E+O1 8.850E-01 0,000E+OO 2.412E+O0 8.666E-01 9.341E-02 1.116E-02 0.000E+OO 1.365E-01 2.362E+O0
7.500E+01 8.677E-01 0.000E+OO 2.449E+O0 8.992E-01 9.470E-02 1.163E-02 0.000E+OO 1.428E-01 2.316E+O0
8.000E+O1 8.547E-01 0.000E+OO 2.488E+O0 9.329E-01 9.598E-02 1.217E-02 0.000E+OO 1.492E-01 2.289E+O0
8.500E+01 8.447E-01 0.000E+OO 2.552E+O0 9.741E-01 9.690E-02 1.319E-02 0.000E+OO 1.609E-01 2.271E+O0
9.000E+O1 8.368E-01 0.000E+OO 2.598E+O0 1.013E+O0 9.849E-02 1.405E-02 0.000E+OO 1.700E-01 2.279E+O0
9.500E+01 8.302E-01 0.000E+OO 2.653E+O0 1.049E+O0 1.002E-01 1.497E-02 0.000E+OO 1.784E-01 2.254E+O0
1.000E+02 8.244E-01 0.000E+OO 2.704E+O0 1.086E+O0 1.020E-01 1.590E-02 0.000E+OO 1.859E-01 2.224E+O0
1.1OOE+O2 8.143E-01 0.000E+OO 2.804E+O0 1.160E+O0 1.055E-01 1.806E-02 0.000E+OO 2.009E-01 2.177E+O0
1.200E+02 8.049E-01 0.000E+OO 2.895E+O0 1.229E+O0 1.097E-01 2.022E-02 0.000E+OO 2.133E-01 2.122E+O0
1.300E+02 7.959E-01 0.000E+OO 2.971E+O0 1.293E+O0 1.122E-01 2.223E-02 0.000EiOO 2.233E-01 2.065E+O0
1.400E+02 7.871E-01 0.000E+OO ‘3.029E+O0 1.349E+O0 1.163E-01 2.442E-02 0.000E+OO 2.322E-01 2.024E+O0
1.500E+02 7.785E-01 0.000E+OO 3.065E+O0 1.398E+O0 1.194E-01 2.647E-02 0.000E+OO 2.390E-01 2.000E+OO

28064 = TARGET 1000Z+A (if A=O then elemental)
1001 = PROJECTILE 1000Z+A
Aver. lab
Energy

2.000E+OO
3.000E+OO
4.000E+OO
5.000E+OO
6.000E+OO
7.000E+OO
8.000E+OO
9.000E+OO
1.000E+O1
1.1OOE+O1
1.200E+01
1.300E+01
1.400E+01
1.500E+01
1.600E+01
1.700E+01
1.800E+01
1.900E+01
2.000E+O1
2.200E+01
2.400E+01
2.600E+01
2.800E+01

emis8ioXIeUOWhS fOr Ac5 ejectiles in MeV:
neutron proton deuteron triton heliud alpha gaaTmLa

0.000E+OO 1.923E+O0 0.000E+OO 0.000E+OO 0.000E+OO’2.471E+O0 4.571E+O0
2.947E-01 1.489E+O0 0.000E+OO 0.000E+OO 0.000E+OO 3.303E+O0 2.120E-01
9.391E-01 2.445E+O0 0.000E+OO 0.000E+OO 0.000E+OO 4.179E+O0 3.661E-01
1.382E+O0 3.371E+O0 0.000E+OO 0.000E+OO 0.000E+OO 5.095E+O0 5.817E-01
1.701E+O0 4.334E+O0 0.000E+OO 0.000E+OO 0.000E+OO 5.816E+O0 8.072E-01
1.968E+O0 5.381E+O0 0.000E+OO 0.000E+OO 0.000E+OO 6.538E+O0 1.022E+O0
2.172E+O0 6.335E+O0 0.000E+OO 0.000E+OO 0.000E+OO 7.228E+O0 1.146E+O0
2.276E+O0 7.049E+O0 1.282E+O0 7.450E-01 0.000E+OO 7.766E+O0 1.281E+O0
2.411E+O0 7.734E+O0 2.208E+O0 1.682E+O0 0.000E+OO 8.175E+O0 1.41OE+OO
2.443E+O0 8.483E+O0 3.083E+O0 2.604E+O0 0.000E+OO 8.519E+O0 1.518E+O0
2.236E+O0 9.148E+O0 3.791E+O0 3.417E+O0 0.000E+OO 8.8501$+001.520wO0
2.131E+O0 9.633E+O0 4.453E+O0 3.900E+O0 0.000E+OO 9.144E+O0 1.481s+00
2.136E+O0 9.959E+O0 5.105E+OO 4.414E+O0 0.000E+OO 9.415E+O0 1.422E+O0
2.21OE+OO 9.418E+O0 5.768E+O0 4.844E+O0 0.000E+OO 9.643E+O0 1.371E+O0
2.346E+O0 9.639E+O0 6.425E+O0 5.332E+O0 0.000E+OO 9.841E+O0 1.344E+O0
2.497E+O0 9._830E+O07.088E+O0 5.828E+O0 0.000E+OO 9.943E+O0 1.362E+O0
2.657E+O0 1.00IE+O1 7.736E+O0 6.309E+O0 0.000E+OO 9.949E+O0 1.400E+O0
2.799E+O0 1.014E+01 8.281E+O0 6.800E+O0 0.000E+OO 9.961E+O0 1.446E+O0
2.951E+O0 1.024E+01 8.866E+O0 7.339E+O0 0.000E+OO 1.005E+01 1.569E+O0

3.1801!+O09.964E+O01.007E+018.286E+O00.000E+OO1.023E+011.651E+O0
3.347E+O09.524E+O01.120E+019.028E+O00.000E+OO1.041E+011.656E+O0
3.439E+O09.707E+O01.232E+019.809E+O00.000E+OO1.045~+011.637E+O0
3.519E+O01.034E+011.342E+011.057E+010.000E+OO1.051E+011.555E+O0
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3.000E+O1 3.639E+O0 1.122E+01 1.456E+01 1.132E+01 0.000E+OO
3.500E+01 4.089E+O0 1.330E+01 1.746E+01 1.316E+01 0.000E+OO
4.000E+O1 4.549E+O0 1.508E+01 2.037E+01 1.485E+01 0.000E+OO
4.500E+01 4.900E+O0 1.642E+01 2.304E+01 1.629E+01 0.000E+OO
5.000E+O1 5.247E+o0 1.755E+01 2,579E+01 1.757E+01 0.000E+OO
5.500E+01 5.601E+Oo 1.8E4E+oI.2..833E+O11.867E+01 0.000E+OO
6.oOOE+Ol 5.952E+Oo 1.998E+01 3.074E+01 1.935E+01 O.ooOE+oo
6.500E+01 6.279E+Oo 2.101E+O1 3.306E+01 1.988E+01 0.000E+OO
7.000E+O1 6.637E+O0 2.195E+01 3.503E+01 2.O1OE+O1 0.000E+OO
7.500E+01 6.993E+O0 2.285E+01 3.713E+01 2.015E+01 0.000E+OO
8.000E+O1 7.351E+O0 2.376E+01 3.912E+01 2.O1OE+O1 0.000E+OO
8.500E+01 7.635E+O0 2.429E+01 4.029E+01 1.941E+01 0.000E+OO
9.000E+O1 7.968E+O0 2.493E+01 4.178E+01 1.893E+01 0.000E+OO
9.500E+01 8.272E+O0 2.562E+01 4.316E+01 1.843E+01 0.000E+OO
1.000E+02 8.580E+O0 2.631E+01 4.445E+01 1.790E+01 0.000E+OO
1.1OOE+O2 9.155E+O0 2.759E+01 4.626E+01 1.664E+01 0.000E+OO
1.200E+02 9.693E+O0 2.888E+01 4.814E+01 1.535E+01 0.000E+OO
1.300E+02 1.026E+01 3.020E+01 4.911E+01 1.420E+01 0.000E+OO
1.400E+02 1.079E+01 3.150E+01 5.059E+01 1.317E+01 0.000E+OO
1.500E+02 1.138E+01 3.292E+01 5.183E+01 1.238E+01 0.000E+OO

1.063E+01 1.483E+O0
1.109E+O1 1.459E+O0
1.149E+01 1.496E+O0
1.165E+01 1.508E+O0
1.185E+01 1.521E+O0
1.203E+01 1.533E+O0
1.215E+01 1.544E+O0
1.226E+01 1.545E+O0
1.237E+01 1.514E+O0
1.247E+01 1.523E+O0
1.257E+01 1.533E+O0
1.263E+01 1.565E+O0
1.271E+01 1.585E+O0
1.279E+01 1.585E+O0
1.288E+01 1.611E+O0
1.305E+01 1.625E+O0
1.322E+01 1.598E+O0
1.339E+01 1.626E+041
1.354E+01 1.619E+O0
1.370E+01 1.647E+O0
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p+ 64Ninonelastic and production cross sections
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p+ 64Ni angle-integrated emission spectra



p +64Ni Kalbach preequilibrium ratios

f



..



‘at-n
-

,.,
-

.,
,,,

,,,

z&
_

C
N

C
G

1



xLz

u)

I
I

0
—

C
D0

–d-0
—

m
l00“s

a)
z

%
%p(D

o
h

C
Q

0
U

)
*

c.—3c1)
c

0N

I
I

I
I

I
0

C
Q

0



EVALUATIC)N OF p + 63CU CR(3SS SECTIONS FOR THE ENERGY
RANGE 1 to 150 MeV

A. J. Koning, M. B. Chadwick, and P. G. Young
15 February 1998

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
proton energy range from 1 to 150 MeV. The evaluation utilizes
MF=6, MT=5 to represent all reaction data. Production cross
sections and emission spectra are given for neutrons, protons,
deuterons, tritons, alpha particles, gamma rays, and all residual
nuclides produced (A>5) in the reaction chains. To summarize, the
ENDF sections

MF=3 MT=

MT=

MF=6 MT=

MT=

2

5

2

5

with non-zero data above are:

Integral of nuclear plus interference components
of the elastic scattering cross section

Sum of binary (p,n’) and (p,x) reactions

Elastic (p[p) angular distributions given as
ratios of the differential nuclear-plus-
interference to the integrated value.

Production cross sections and enerqy-anqle
distributions for emission neutron~~ pr=tons,
deuterons, and alphas; and angle-integrated
spectra for gamma rays and residual nuclei that
are stable against particle emission

The evaluation is based on nuclear model calculations that have
been benchmarked to experimental data, especially for n + CU63
and p + CU63 reactions (Ch98) . We use the GNASH code system
(Y092) , which utilizes Hauser-Feshbach statistical,
preequilibrium and direct-reaction theories. Spherical optical
model calculations are used to obtain particle transmission
coefficients for the Hauser-Feshbach calculations, as well as for
the elastic proton angular distributions.

Cross sections and spectra for producing individual residual
nuclei are includeq for reactions. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A model was developed to calculate the energy distributions of

all recoil nuclei in the GNASH calculations (Ch96a) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. All
other data in MT=5,MF.6 are given in the center-of-mass system.
This method of representation utilizes the LCT=3 option approved
at the November, 1996, CSEWG meeting.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85) , validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyuk et al. (Ig75) and pairing and
shell parameters from the Cook (C067) analysis. Neutron and
charged- particle transmission coefficients were obtained from
the optical potentials, as discussed below. Gamma-ray



transmission-coefficients were calculated using the Kopecky-Uhl
model (K090) .

SOME CU-63 SPECIFIC INFUR~TION CONCERNING THE EVAL.

This evaluation is documented in some detail in Ref. (Ko98b) .

To obtain the neutron optical potential we used total cross
section data from 1.”2 ‘to 4.5 M&V-rGU86) and from 5.3 to 600 MeV
(Fi93) , and elastic scattering angular distribution data from 1.6
to 96 MeV (Br50, Sa60, Ki74, E182, Gu86) . The optical potential
parameters were obtained using a combination of a grid search
code and the interactive optical model viewer ECISVIEW [K097] ,
both built around the coupled channels code ECIS96 [Ra94] . The
energy dependence of the optical model parameters is as described
in [K098] . This optical potential was used for the calculation,
with ECIS96, of neutron transmission coefficients and DWBA cross
sections for the entire energy region above 20 MeV.

Due to the lack of proton elastic scattering data in numerical
form, we used a combination of global optical models for the
proton channel. The Becchetti-Greenlees potential [Be69]was
adopted below 47 MeV, and the non-relativistic version of the
Madland potential [Ma88] above 47 MeV. At this particular energy
point the two potentials join smoothly. The resulting proton
reaction cross section was compared with the available
experimental data as compiled by Carlson (Ca96) . Finally, the
calculated proton transmission coefficients were renormalized to
the reaction cross sections obtained from fit by eye through the
data points.

For deuterons, the Lohr-Haeberli global potential [L074] was
used; for alpha particles the Moyen potential (MacFadden-Satchler
@Ia66]) was used; and for tritons the Becchetti-Greenlees
potential [Be71] was used. The He-3 channel was ignored.

f Following Delaroche ec al. [De82] , we adopted the weak-coupling
model for direct collective inelastic scattering for CU-63, using
Ni-64 as a basis. For the calculation of the cross sections,
ECIS96 was used in DWBA mode. We used the following direct
transitions for CU-63 (ground state 3/2-) :

Jpi Ex(MeV)
o.5- 0.669
2.5- 0.962
3.5- 1.327
1.5- 1.547
1.5- 3.382
2.5- 3.632
3.5- 3.882
4.5- 4.132

Deformation length/parameter
Delta(2)=0.319
Delta(2)=0.552
Delta(2)=0.638
Delta(2)=0.451
Delta(3)=0.313
Delta(3)=0.384
Delta(3)=0.444
Delta(3)=0.496

No measurements exist for proton-induced emission spectra above
20 MeV for CU-63. However, for CU-65 there exists 26.7 MeV (p,xn)
and (p,xp) data by Holler et al (H085) . This has been used to
benchmark the CU-65 data. The partial level density parameters
have been slightly adjusted to obtain good agreement with these
experimental data. Hence we also adopted these parameters for the
whole energy region for CU-63.
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29063 = TARGET 1000Z+A (if A=O then elemental)
1001 = PROJECTILE 1000Z+A
Nonelastic, elastic, and Production cross sections for A<5 ejectiles in barns:
Energy nonelas elastic neutron proton deuteron tritm helium3 alpha ganmla

2.000E+OO 2.235E-03 0.000E+OO 0.000E+OO 1.105E-10 0.000E+oo 0.000E+OO 0.000E+OO 1.857E-03 8.471E-04
3.000E+OO 1.392E-02 0.000E+OO 0.000E+OO 3.322E-03 0.000E+OO 0.000E+OO 0.000E+OO 9.634E-03 7.641E-03
4.000E+OO 7.938E-02 0.000E+OO 0.000E+OO 5.029E-02 0.000E+OO 0.000E+OO 0.000E+OO 2.786E-02 6.962E-02
5.000E+OO 2.823E-01 0.000E+OO 1.351E-01 1.014E-01 0.000E+OO 0.000E+OO 0.000E+OO 4.504E-02 2.549E-01
6.000E+OO 4.716E-01 0.000E+OO 2.314E-01 1.706E-01 0.000E+OO 0.000E+OO 0.000E+OO 6.892E-02 5.640E-01
7.000E+OO 6.262E-01 0.000E+OO 2.770E-01 2.472E-01 0.000E+OO 0.000E+OO 0.000E+OO 1.013E-01 9.452E-01
8.000E+OO 7.479E-01 0.000E+OO 3.048E-01 3.062E-01 0.000E+OO 0.000E+OO 0.000!3+00 1.361E-01 1.364E+O0
9.000E+OO 8.448E-01 0.000E+OO 3.342E-01 3.424E-01 0.000E+OO 0.000E+OO 0.000E+OO 1.673E-01 1.784E+O0
1.000E+O1 9.205E-01 0.000E+OO 3.515E-01 3.822E-01 1.177E-09 0.000E+OO 0.000E+OO 1.863E-01 2.199E+O0
1.1OOE+O1 9.775E-01 0.000E+OO 3.651E-01 4.193E-01 4.061E-06 0.000E+OO 0.000E+OO 1.967E-01 2.572E+O0
1.200E+01 1.019E+00 0.000E+OO 3.799E-01 4.622E-01 1.328E-04 0.000E+OO 0.000E+OO 1.994E-01 2.888E+O0
1.300E+01 1.055E+O0 0.000E+OO 3.956E-01 5.356E-01 8.980E-04 5.846E-09 0.000E+OO 2.023E-01 3.096E+O0
1.400E+01 1.085E+O0 0.000E+OO 4.184E-01 6.798E-01 2.661E-03 L.201E-06 0.000E+OO 2.099E-01 3.076E+O0
1.500E+01 1.11OE+OO 0.000E+OO 4.729E-01 8.209E-01 5.209E-03 1.780E-05 0.000E+OO 2.136E-01 2.956E+O0
1.600E+01 1.130E+O0 0.000E+OO 5.642E-01 9.O1lE-01 8.259E-03 6.747E-05 0.000E+OO 2.162E-01 2.877E+O0
1.700E+01 1.145E+O0 0.000E+OO 6.722E-01 9.336E-01 1.064E-02 1.761E-04 0.000E+OO 2.194E-01 2.878E+O0
1.800E+01 1.156E+O0 0.000E+OO 7.715E-01 9.400E-01 1.367E-02 3.493E-04 0.000E+OO 2.233E-01 2.966E+O0
1.900E+01 1.165E+O0 0.000E+OO 8.468E-01 9.385E-01 1.681E-02 5.821E-04 0.000E+OO 2.291E-01 3.088E+O0
2.000E+Ol 1.173E+O0 0.000E+OO 9.031E-01 9.385E-01 2.068E-02 8.692E-04 0.000E+OO 2.292E-01 3.234E+O0
2.200E+01 1,184E+O0 0.000E+OO 9.598E-01 9.793E-01 2.736E-02 1.529E-03 0.000E+OO 2.294E-01 3.560E+O0
2.400E+01 1.190E+O0 0.000E+OO 9.964E-01 1.073E+O0 3.324E-02 2.238E-03 0.000E+OO 2.279E-01 3.638E+O0
2.600E+01 1.188E+O0 0.000E+OO 1.052E+O0 1.170E+O0 3.985E-02 2.955E-03 0.000E+OO 2.257E-01 3.495E+O0
2.800E+01 1.181E+O0 0.000E+OO 1.126E+O0 1.259E+O0 4.640E-02 3.667E-03 0.000E+OO 2.268E-01 3.280E+O0
3.000E+O1 l,171E+00 0.000E+OO 1.211E+O0 1.345E+O0 5.261E-02 4.364E-03 0.000E+OO 2.282E-01 3.123E+O0
3.500E+01 1.133E+O0 0.000E+OO 1.407E+O0 1.474E+O0 6.488E-02 5.901E-03 0.000E+OO 2.350E-01 3.060E+O0
4.000E+Ol 1.084E+O0 0.000E+OO 1.579E+O0 1.480E+O0 7.464E-02 7.128E-03 0.000E+OO 2.360E-01 3.052E+O0
4.500E+01 1.024E+O0 0.000E+OO 1.746E+O0 1.521E+O0 7.991E-02 8.150E-03 0.000E+OO 2.327E-01 2.816E+O0
5.000E+O1 9.713E-01 0.000E+OO 1.842E+O0 1.581E+O0 8.552E-02 9.076E-03 0.000E+OO 2.302E-01 2.570E+O0
5.500E+01 9.361E-01 0.000E+OO 1.921E+O0 1.644E+O0 9.091E-02 1.00IE-02 0.000E+OO 2.331E-01 2.427E+O0
6.000E+O1 8.993E-01 0.000E+OO 1.987E+O0 1.681E+O0 9.517E-02 1.091E-02 0.000E+OO 2.341E-01 2.31OE+OO
6.500E+01 8.797E-01 0.000E+OO 2.084E+O0 1.734E+O0 1.007E-01 1.194E-02 0.000E+OO 2.409E-01 2.270E+O0
7.000E+O1 8.633E-01 0.000E+OO 2.154E+O0 1.784E+O0 1.049E-01 1.304E-02 0.000E+OO 2.488E-01 2.132E+O0
7.500E+01 8.472E-01 0.000E+OO 2.223E+O0 1.837E+O0 1.096E-01 1.416E-02 0.000E+OO 2.530E-01 2.071E+O0
8.000E+O1 8.320E-01 0.000E+OO 2.288E+O0 1.880E+O0 1.144E-01 1.537E-02 0.000E+OO 2.582E-01 2.012E+00
8.500E+01 8.175E-01 0.000E+OO 2.342E+O0 1.922E+O0 1.183E-01 1.661.E-02 0.000E+OO 2.628E-01 1.963E+O0
9.000E+O1 8.041E-01 0.000E+OO 2.391E+O0 1.955E+.00 1.218E-01 1.795E-02 0.000E+OO 2.671E-01 1.916E+O0
9.500E+01 7.917E-01 0.000E+OO 2.436E+O0 1.990E+O0 1.263E-01 1.937E-02 0.000E+OO 2.715E-01 1.873E+00
1.000E+02 7.803E-01 0.000E+OO 2.476E+O0 2.026E+O0 1.301E-01 2.082E-02 0.000E+OO 2.752E-01 1.836E+O0
1.1OOE+O2 7.613E-01 0.000E+OO 2.553E+O0 2.083E+O0 1.382E-01 2.393E-02 0.000E+OO 2.833E-01 1.756E+O0
1.200E+02 7.473E-01 0.000E+OO 2.634E+O0 2.146E+O0 1.444E-01 2.732E-02 0.000E+OO 2.919E-01 1.693E+O0
1.300E+02 7.388E-01 0.000E+OO 2.714E+O0 2.2J.OE+OO 1.526E-01 3.113E-02 0.000!S+00 3.020E-01 1.617E+O0
1.400E+02 7.355E-01 0.000E+OO 2.780E+O0 2.287E+O0 1.608E-01 3.532E-02 0.000E+OO 3.113E-01 1.552E+O0
1.500E+02 7.386E-01 0.000E+OO 2.850E+O0 2.369E+O0 1.707E-01 4.016E-02 0.000E+OO 3.232E-01 1.503E+O0

29063 = TARGET 1000Z+A (if A=O then elemental)
1001 = PROJECTILE 1000Z+A
Aver. lah andssion energies for A<5 ejectiles in MeV:
Enargy neutron proton cieuteron triton helium3 alpha gannsa

2.000E+OO 0.000E+OO 1.212E+O0 0.000E+OO 0.000E+OO 0.000E+OO 5.175E+O0 2.951E+O0
3.000E+OO 0.000E+OO 2.055E+O0 0.000E+OO 0.000E+OO 0.000E+OO 5.942E+O0 1.584E+O0
4.000E+OO 0.000E+.00 2.798E+O0 0.000E+OO 0.000E+OO 0.000E+OO 6.634E+O0 1.129E+O0
5.000E+OO 4.816E-01 3.465E+O0 0.000E+OO 0.000E+OO 0.000E+OO 7.265E+O0 8.693E-01
6.000E+OO 1.105E+OO 4.056E+O0 0.000E+OO 0.000E+OO 0.000E+OO 7.709E+O0 9.763E-01
7.000E+OO 1.553E+00 4.555E+O0 0.000E+OO 0.000E+OO 0.000E+OO 8.075E+O0 1.148E+O0
8.000E+OO 1.855E+O0 4.943E+O0 0.000E+OO 0.000E+OO 0.000E+OO 8.402E+O0 1.308E+O0
9.000E+OO 2.041E+O0 5.202E+O0 0.000E+OO 0.000E+OO 0.000E+OO 8.739E+O0 1.483E+O0
1.000E+O1 2.153E+O0 5.443E+O0 1.135E+O0 0.000E+OO 0.000E+OO 9.050E+O0 1.645E+O0
1.IOOE+O1 2.200E+O0 5.617E+O0 2.016E+O0 0.000E+OO 0.000E+OO 9.328E+O0 1.788E+O0
1.200E+01 2.274E+O0 5.680E+O0 2.812E+O0 O.OOO&OO- O.QQQHOQ-9.53~OC .I.992E+4Q
1.300E+01 2.342E+O0 5.532E+O0 3.563E+O0 1.431E+O0 0.000E+OO 9.683E+O0 1.967E+O0
1.400E+01 2.380E+O0 5.098E+O0 4.259E+O0 2.322E+O0 0.000E+OO 9.614E+O0 1.912E+O0
1.500E+01 2.309E+O0 4.887E+O0 4.959E+O0 3.161E+O0 0.000E+OO 9.625E+O0 1.776E+O0
1.600E+01 2.190E+O0 4.948E+O0 5.642E+O0 3.738E+O0 0.000E+OO 9.674E+O0 1.615E+O0
1.700E+01 2.130E+O0 5.131E+O0 6.239E+O0 4.222E+O0 0.000E+OO 9.768E+O0 1.463E+O0
1.800E+01 2.151E+O0 5.388E+O0 6.8S2E+O0 4.712E+O0 0.000E+OO 9.897E+O0 1.360E+O0
1.900E+01 2.245E+O0 5.662E+O0 7.459E+O0 5.206E+O0 0.000E+OO 9.997E+O0 1.314E+O0
2.000E+O1 2.375E+O0 5.933E+O0 8.130E+O0 5.667E+O0 O.OOOE+OO 1.024E+01 1.361E+O0

2s200E+012.6981MIO06.304E+O09.348Z+O06.655E+O00.000E+OO1.060E+011.424E+O0
2.400E+01 2.979E+O0 6.426E+O0 1.041E+01 7.608E+O0 0.000E+OO 1.088E+01 1.475E+O0
2.600E+01 3.182E+.00 6.534E+O0 1.151E+01 8.500E+O0 0.000E+OO 1.109E+O1 1.503E+O0
2.800E+01 3.318E+O0 6.669E+O0 1.259E+01 9.329E+O0 0.000E+OO 1.117E+01 1.513E+O0
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3.000E+O1 3.463E+O0 6.8z2E+O0 1.366E+01 1.009E+01 0.000E+OO
3.500E+01 3.882E+o0 7.463E+O0 1.629E+01 1.184E+01 0.000E+OO
4.000E+O1 4.267E+oo 8.318E+Oo 1..393E+O1 1.332E+01 0.000E+OO
4.500E+Ol 4.594E+Oo 8.960E+O0 2.105E+O1 1.450E+01 0.000E+OO
!5.000E+O1 4.962E+O0 9.430E+oo 2.324E+01 1.550E+01 0,000E+OO
5.500E+01 5.336E+O0 9.827E+Oo 2.512E+01 1.623E+01 0.000E+OO
G,000E+O1 5.686E+O0 1.023E+01 2.684E+01 1.677E+01 0.000E+OO
6.500E+01 6.O1lE+OO 1.061E+01 2.841E+01 1.702E+01 0.000E+OO
7.000E+O1 6.387E+O0 1.102E+O1 2.962E+01 1.711E+01 0.000E+OO
7.500E+01 6.735E+O0 1.136E+01 3.1OOE+O1 1.711E+01 0.000E+OO
8.000E+O1 7.060E+O0 1.173E+01 3.219E+01 1.700E+01 0,000E+OO
8.500E+01 7.391E+O0 1.209E+01 3.332E+01 1.684E+01 0.000E+OO
9.000E+O1 7.715E+O0 1.247E+01 3.425E+01 1.661E+01 0.000E+OO
9.500E+01 8.035E+O0 1.283E+01 3.523E+01 1.635E+01 0.000E+OO
1..0OOE+O2 8.354E+O0 1.318E+01 3.629E+01 1.607E+01 0.000E+OO
I.1OOE+O2 8.985E+O0 1.392E+01 3.807E+01 1.543E+01 0.000E+OO
1.200E+02 9.606E+O0 1.465E+01 3.912E+01 1.454E+01 0.000E+OO
1.300E+02 1.022E+01 1.537E+01 4.015E+01 1.362E+01 0.000E+OO
1.400E+02 1.089E+01 1.605E+01 4.131E+01 1.282E+01 0.000E+OO
1.500E+02 1.160E+01 1.678E+01 4.199E+01 1.220E+01 0.000E+OO

1.127E+01
1.152E+01
1.179E+01
1.205E+01
1.226E+01
1.242E+01
1.256E+01
1.267E+01
1.276E+01
1.289E+01
1.301E+01
1.312E+01
1.323E+01
1.334E+01
1.345E+01
1.366E+01
1.386E+01
1.404E+01
1.424E+01
1.443E+01

1.487E+O0
1.472E+O0
1.495E+O0
1.507E+O0
1.516E+O0
1.523E+O0
1.532E+O0
1.532E+O0
1.566E+O0
1.587E+O0
1.590E+O0
1.602E+O0
1.596E+O0
1.589E+O0
1.593E+O0
1.623E+O0
1.644E+O0
1.641E+O0
1.649E+O0
1.663E+O0



p + 63CUnonelastic and production cross sections
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p+ 63CUangle-integrated emission spectra
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EVALUATION OF p + 65CU CROSS SECTIONS
RANGE 1 to 150 MeV

A. J. Koning, M. B. Chadwick, and
15 February 1998

FOR THE ENERGY

P. G. Young

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
proton energy range from 1 to 150 MeV. The evaluation utilizes
MF=6, MT=5 to represent all reaction data. Production cross
sections and emission spectra are given for neutrons, protons,
deuterons, tritons, alpha particles, gamma rays, and all residual
nuclides produced (A>5) in the reaction chains. To summarize, the
ENDF sections with non-zero data above are:

MF=3 MT= 2 Integral of nuclear plus interference components
of the elastic scattering cross section

MT= 5 Sum of binary (p,n’) and (p,x) reactions

MF=6 MT= 2 Elastic (pJp) angular distributions given as

ratios of the differential nuclear-plus-
interference to the integrated value.

MT= 5 Production cross sections and energy-angle

distributions for emission

deuterons, and alphas; and

spectra for gamma rays and

neutrons, protons,

angle-integrated

residual nuclei that

are stable against particle emission

The evaluation is based on nuclear model calculations that have
been benchmarked to experimental data, especially for n + CU65
and p + CU65 reactions (Ch98) . We use the GNASH code system
(Y092) , which utilizes Hauser-Feshbach statistical,
preequilibrium and direct-reaction theories. Spherical optical
model calculations are used to obtain particle transmission
coefficients for the Hauser-Feshbach calculations, as well as for
the elastic proton angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A model was developed to calculate the energy distributions of

all recoil nuclei in the GNASH calculations (Ch96a) . The recoil
energy distributions a= ~sented in the Iaborator.y Systerl iln
MT=5 ;-MF=6, and are given as isotropic in.the lab system. All
other data in MT=5,MF=6 are given in the center-of-mass system.
This method of representation utilizes the LCT=3 option approved
at the November, 1996, CSEWG meeting.

Preequilibrium corrections were perform~d in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85) , validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch93] . Discrete level data from



nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyuk et al. (Ig75) and pairing and
shell parameters from the Cook (C067) analysis. Neutron and
charged- particle transmission coefficients were obtained from
the optical potentials, as discussed below. Gamma-ray
transmission coefficients were calculated using the Kopecky-Uhl
model (K090) .

SPECIFIC INFORMATION CONCERNING THE CU-65 EVALUATION

This evaluation is documented in some detail in Ref. (Ko98b) .

To obtain the neutron optical potential we used total cross
section data from 1.2 to 4.5 MeV (Gu86) and from 5.3 to 600 MeV
(Fi93), and elastic scattering angular distribution data from 1.6
to 96 MeV (Br50, Sa60,’Ki74, E182, Gu86) . The optical potential

parameters were obtained using a combination of a grid search
code and the interactive optical model viewer ECISVIEW [K097] ,
both built around the coupled channels code ECIS96 [Ra94] . The
energy dependence of the optical model parameters is as described
in [K098] . This optical potential was used for the calculation,
with ECIS96, of neutron transmission coefficients and DWBA cross
sections for the entire energy region above 20 MeV.

Due to the lack of proton elastic scattering data in numerical
form, we used a combination of global optical models for the
proton channel. The Becchetti-Greenlees potential [Be69] was
adopted below 47 MeV, and the non-relativistic version of the
Madland potential [Ma88] above 47 MeV. At this particular energy
point the two potentials join smoothly.. The calculated proton
transmission coefficients were then renormalized, to a reaction
cross section value scaled by A**2/3 from our evaluated reaction
cross section for CU63, which we showed described experimental
data well.

For deuterons, the Lohr-Haeberli global potential [L074] was
used; for alpha particles the Moyen potential (MacFadden-Satchler
[Ma66]) was used; and for tritons the Becchetti-Greenlees
potential [Be71] was used. The He-3 channel was ignored.

Following Delaroche et al. [De82], we adopted the weak-coupling
model for direct collective inelastic scattering for CU-65, using
Ni-64 as a basis. For the calculation of the cross sections,
ECIS96 was used in DWBA mode. We used the following direct
transitions for CU-65 (ground state 3/2- ) :

Jpi Ex(MeV) Deformation length/parameter
0.5- 0.771 Beta(2)=0.0566
2.5- 1.116 Beta(2) =0.0980
3.5- 1.481 Beta(2)=0.1132
1.5- 1.743 Beta(2)=0.0800
1.5- 3.185 Delta(3)=0.3167
2.5- 3.4= 13e1ta(3)=0.3879
3.5- 3.685 Delta(3)=0.4479
4.5- 3.935 Delta(3)=0.5008

Two measurements exist for proton-induced emission spectra above
20 MeV for 65CU: the 26.7 MeV (p,xn) and (p,xp) data by Holler et
al. (H085) . The partial level density parameters have been
slightly adjusted to obtain good agreement with these



experimental data
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29065 = TARGET 1000Z+A (if A=O than elemental)
1001 = PROJECTILE 1000Z+A
NOndaStiC, elagtic, and production cross sections for A<5 ejectiles in barnS:

Energy nonelas elastic neutron proton deuteron triton heliud alpha galmna

* --
2.000E+OO 2~282E~03 ‘0.000E+OO O~OOOE+OO 1.926E-11 0.000E+OO 0.000E+OO 0.000E+OO 1.480E-03 1.607E-03
3.000E+OO 3.883E-02 0.000E+OO 1.671E-02 2.798E-05 0.000E+OO 0.000E+OO 0.000E+OO 2.193X-02 2.746E-02
4.000E+OO 1.582E-01 0.000E+OO 1.266E-01 1.389E-03 0.000E+OO 0.000E+OO 0.000E+OO 2.998E-02 1.992E-01
5.000E+OO 3.355E-01 0.000E+OO 2.831E-01 8.465E-03 0.000E+OO 0.000E+OO 0.000E+OO 4.364E-02 5.426E-01
6.000E+OO .5.117E-01 0.000E+OO 4.31OE-O1 2.041E-02 0.000E+OO 0.000E+OO 0.000E+OO 5.981E-02 9.836E-01
7.000E+OO 6.583E-01 0.000E+OO 5.468E-01 3.337E-02 0.000E+OO 0.000E+OO 0.000E+OO 7.745E-02 1.435E+O0
8,000E+O0 7.746E-01 0.000E+OO 6.295E-01 4.787E-02 0.000E+OO 0.000E+OO 0.000E+OO 9.652E-02 1.996E+O0
9.000E+OO 8.688E-01 0.000E+OO 6.914E-01 6.542E-02 2.277E-10 0.000E+OO 0.000E+OO 1.112E-01 2.400E+O0
1.000E+O1 9.432E-01 0.000E+OO 7.367E-01 8.558E-02 1.398E-06 0.000E+OO 0.000E+OO 1.201E-01 2.780E+O0
1.1OOE+O1 9.999E-01 0.000E+OO 7.983E-01 1.072E-01 6.998E-05 1.760E-09 0.000E+OO 1.248E-01 2.963E+O0
1.200E+01 1.041E+O0 0.000E+OO 9.424E-01 1.287E-01 5.860E-04 9.862E-07 0.000E+OO 1.314E-01 2.905E+O0
1.300E+01 1.078E+O0 0.000E+OO 1.116E+O0 1.534E-01 1.909E-03 1.503E-05 0.000E+OO 1.456E-01 2.758E+O0
1.400E+01 1.108E+OO 0.000E+OO 1.267E+O0 1.854E-01 4.144E-03 7.033E-05 0.000E+OO 1.564E-01 2.688E+O0
1.500E+01 1.134E+O0 0.000E+OO 1.389E+O0 2.193E-01 7.076E-03 2.054E-04 0.000E+OO 1.647E-01 2.722E+O0
1.600E+01 1.154E+O0 0.000E+OO 1.480E+O0 2.537E-01 1.044E-02 4.500E-04 0.000E+OO 1.708E-01 2.847E+O0
1.700E+01 1.169E+O0 0.000E+OO 1.538E+O0 2.867E-01 1.405E-02 7.914E-04 0.000E+OO 1.761E-01 3.044E+O0
1.800E+01 1.181E+O0 0.000E+OO 1.573E+O0 3.181E-01 1.776E-02 1.195E-03 0.000E+OO 1.797E-01 3.280E+O0
1.900E+01 1.190E+O0 0.000E+OO 1.591E+O0 3.476E-01 2.150E-02 1.551E-03 0.000E+OO 1.813E-01 3.548E+O0
2.000E+O1 1.198E+O0 0.000E+OO 1.598E+O0 3.753E-01 2.676E-02 2.130E-03 0.000E+OO 1.797E-01 3.728E+O0
2.200E+01 1.209E+O0 0.000E+OO 1.639E+O0 4.353E-01 3.073E-02 3.086E-03 0.000E+OO 1.842E-01 4.021E+O0
2.400E+01 1.215E+O0 0.000E+OO 1.707E+O0 5.227E-01 3.787E-02 4.023E-03 0.000E+OO 1.975E-01 3.924E+O0
2.600E+01 1.213E+O0 0.000E+OO 1.796E+O0 6.263E-01 4.472E-02 4.919E-03 0.000E+OO 2.107E-O1 3.666E+O0
2.800E+01 1.206E+O0 0.000E+OO 1.904E+O0 7.143E-01 5.137E-02 5.644E-03 0.000E+OO 2.222E-01 3.423E+O0
3.000E+O1 1.195E+O0 0.000E+OO 2.021E+O0 7.828E-01 5.753E-02 6.428E-03 0.000E+OO 2.268E-01 3.272E+O0
3.500E+01 1.157E+O0 0.000E+OO 2.232E+O0 8.493E-01 6.983E-02 8.036E-03 0.000E+OO 2.1S9E-01 3.443E+O0
4.000E+O1 1.107E+OO 0.000E+OO 2.294E+O0 9.129E-01 7.862E-02 9.272E-03 0.000E+OO 2.052E-01 3.495E+O0
4.500E+01 1.046E+O0 0.000E+OO 2.345E+O0 9.776E-01 8,472E-02 1.029E-02 0.000E+OO 2.009E-01 3.190E+O0
5.000E+O1 9.917E-01 0.000E+OO 2.404E+O0 1.O1lE+OO 8.934E-02 1.118E-02 0.000E+OO 1.983E-01 2.983E+O0
5.500E+01 9.557E-01 0.000E+OO 2.478E+O0 1.060E+O0 9,174E-02 1.215E-02 0.000E+OO 1.990E-01 2.874E+O0
6.000E+O1 9.182E-01 0.000E+OO 2.511E+O0 1.098E+O0 9.577E-02 1.306E-02 0.000E+OO 1.990E-01 2.770E+O0
6.500E+01 8.982E-01 0.000E+OO 2.586E+O0 1.152E+O0 1.005E-01 1.416E-02 0.000E+OO 2.038E-01 2.685E+O0
7.000E+O1 8.814E-01 0.000E+OO 2.637E+O0 1.205E+O0 1.051E-01 1.533E-02 0.000E+OO 2.082E-01 2.470E+O0
7.500E+01 8.650E-01 0.000E+OO 2.693E+O0 1.246E+O0 1.093E-01 1.654E-02 0.000E+OO 2.115E-01 2.412E+O0
8.000HO1 8.494E-01 0.000E+OO 2.745E+O0 1.286E+O0 1.129E-01 1.779E-02 0.000E+OO 2.156E-01 2.343E+O0
8.500E+01 8.347E-01 0.000E+OO 2.789E+O0 1.323E+O0 1.162E-01 1.91OE-O2 0.000E+OO 2.192E-01 2.286E+O0
9.000E+O1 8.21OE-O1 0.000E+OO 2.838E+O0 1.360E+O0 1.193E-01 2.058E-02 0.000E+OO 2.239E-01 2.221E+O0
9.500E+01 8.083E-01 0.000E+OO 2.871E+O0 1.395E+O0 1.225E-01 2.202E-02 0.000E+OO 2.275E-01 2.172E+O0
1.000E+02 7.967E-01 0.000E+OO 2.901E+O0 1.423E+O0 1.255E-01 2.351E-02 0.000E+OO 2.312E-01 2.125E+O0 .
1.1OOE+O2 7.773E-01 0.000E+OO 2.977E+O0 1.495E+O0 1.306E-01 2.677E-02 0.000E+OO 2.393E-01 2.013E+O0
1.200E+02 7.630E-01 0.000E+OO 3.047E+O0 1.566E+O0 1.369E-01 3.021E-02 0.000E+OO 2.466E-01 1.946E+O0
1.300E+02 7.543E-01 0.000E+OO 3.127E+O0 1.634E+O0 1.438E-01 3.407E-02 0.000E400 2.554E-01 1.899E+O0
1.400E+02 7.51OE-O1 0.000E+OO 3.221E+O0 1.712E+O0 1.504E-01 3.841E-02 0.000E+OO 2.653E-01 1.869E+O0
1.500E+02 7.541E-01 0.000E+OO 3.324E+O0 1.798E+O0 1.588E-01 4.337E-02 0.000E+OO 2.767E-01 1.854E+O0

29065 = TARGET 1000Z+A (if A=O then elemental)
1001 = PROJECTILE 1000Z+A
Aver. lah emission energies for A<5 ejectiles in MeV:
Energy neutron proton deuteron triton hel ium3 alpha gennna

2.000E+OO 0.000E+OO 1.215E+O0 0.000E+OO 0.000E+OO 0.000E+OO 5.552E+O0 3.288E+O0
3.000E+OO 6.392E-01 2.043E+O0 0.000E+OO 0.000E+OO 0.000E+OO 6.335E+O0 6.762E-01
4.000E+OO 1.141E+O0 2.818E+O0 0.000E+OO 0.000E+OO 0.000E+OO 6.980E+O0 5.917E-01
5.000E+OO 1.515E+O0 3.571,E+O0 0.000E+OO 0.000E+OO 0.000E+OO 7.589E+O0 8.074E-01
6.000E+OO 1.750E+O0 4.221E+O0 0.000E+OO 0.000E+OO 0.000E+OO 8.045E+O0 1.042E+O0
7.000E+OO 1.928E+O0 4.656E+O0 0.000E+OO 0.000E+OO 0.000E+OO 8.377E+O0 1.272E+O0
8.000E+OO 2.054E+O0 4.990E+O0 0.000E+OO 0.000E+OO 0.000E+OO 8.726E+O0 1.434E+O0
9.000E+OO 2.143E+O0 5.282E+O0 1.106E+OO 0.000E+OO 0,000E+OO 9.064E+O0 1.617E+O0
1.000E+O1 2.212E+O0 5.535E+O0 1.942E+O0 0.000E+OO 0.000E+OO 9.39732+00 1.794E+O0
1.IOOE+O1 2.199E+O0 5.808E+O0 2.743E+O0 1.373E+O0 0.000E+OO 9.665E+O0 1.963E+O0
1.200E+01 2.050E+O0 6.075E+O0 3.551E+O0 2.308E+O0 0.000E+OO 9.695E+O0 1.991E+O0
l:3eeS*6i i-.973.iW00-bZ2T.6~+OQ-4.340E+O0 3.124E+O0 0.000S+00 9.473E+O0 1.926E+O0
1.400E+01 1.962E+O0 6.225E+O0 5.020E+O0 3.716E+O0 0.000E+OO 9.346E+O0 1.802E+O0
1.500E+01 1.988E+O0 6.249E+O0 5.699E+O0 4.218E+O0 0.000E+OO 9.436E+O0 1.643E+O0
1.600E+01 2.056E+O0 6.366E+O0 6.364E+O0 4.694E+O0 0.000E+OO 9.613E+O0 1.504E+O0
1.700E+01 2.160E+O0 6.514E+O0 7.014E+O0 5.222E+O0 0.000E+OO 9.826E+O0 1.419E+O0
1.800E+01 2.269E+O0 6.687E+O0 7.640E+O0 5.746E+O0 0.000E+OO 1.005E+01 1.383E+O0
1.900E+01 2.408E+O0 6.870E+O0 8.254E+O0 6.235E+O0 0,000E+OO 1.028E+01 1.393E+O0
2.000E+O1 2.549E+O0 7.073E+O0 8.971E+O0 6.770E+O0 0.000E+OO 1.050E+01 1.509E+O0

2.200E+012.763E+O07.315E+009.834E+O07.719E+O00.000E+OO1.0i55E+Ol1.580E+O0
2.400E+01 2.918E+O0 7.252E+O0 1.097E+01 8.593E+O0 0.000E+OO 1.049E+01 1.621E+O0
2.600E+01 3.045E+O0 7.182E+O0 1.208E+OI 9.401E+O0 0.000E+OO 1.037E+01 1.630E+O0
2.800E+01 3.167E+O0 7.270E+O0 1.318E+01 1.004E+01 0.000E+OO 1.035E+01 1.599E+O0
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3.000E+O1 3.283E+O0 7.492E+O0 1.428E+01 1.077E+01 0.000E+OO 1.046E+01 1.552E+O0
3.500E+01 3.657E+O0 8.606E+O0 1.702E+01 1.242E+01 0.000E+OO 1.103E+O1 1.421E+O0
4.000E+O1 4.129E+O0 9.522E+O0 1.969E+01 1.380E+01 0.000E+OO 1.139E+01 1.443E+O0
4.500E+01 4.s16E+oo 1.025E+ol 2.223E+01 1.494E+01 0.000E+OO 1.161E+01 1.455E+O0
5.000E+O1 4.864E+O0 1.112EI.01 2.453E+01 1.586E+01 0.000E+OO 1.187E+01 1.451E+O0
5.500E+01 5.21OE+OO 1.176E+01 2.615E+01 1.648E+01 0.000E+OO 1.208E+01 1.450E+O0
6.000E+O1 5.566E+O0 1.229E+01 2.81OE+O1 1.688E+01 0.000E+OO 1.227E+01 1.441E+O0
6.500E+01 5.896E+O0 1.278E+01 2.980E+.01 1.706E+01 0.000E+OO 1.241E+01 1.446E+O0

7.000E+O1 6.270E+O0 1.326E+01 3.147E+01 1.71OE+O1 0.000E+OO 1.255E+01 1.501E+O0
7.500E+01 6.604E+O0 1.379E+01 3.292E+01 1.704E+01 0.000E+OO 1.269E+01 1.504E+O0
8.000E+O1 6.932E+O0 1.429E+01 3.435E+01 1.692E+01 0.000E+OO 1.281E+01 1.524E+O0
S.500E+01 7.252E+O0 1.480E+01 3.571E+01 1.673E+01 0.000E+OO 1.292E+01 1.513E+O0
9.000E+O1 7.558E+O0 1.520E+01 3.658E+01 1.647E+01 0.000E+OO 1.303E+01 1.525E+O0
9.500E+01 7.877E+O0 1.567E+01 3.784E+01 1.621E+01 0.000E+OO 1.313E+01 1.544E+O0
i.000E+02 8.192E+O0 1.618E+01 3.903E+01 1.594E+01 0.000E+OO 1.324E+01 1.547E+O0
I.1OOE+O2 8.792E+O0 1.705E+01 4.031E+01 1.526E+01 0.000E+OO 1.345E+01 1.579E+O0
1.200E+02 9.383E+O0 1.788E+01 4.234E+01 1.434E+01 0.000E+OO 1.365E+01 1.596E+O0
1.300E+02 9.952E+O0 1.876E+01 4.375E+01 1.343E+01 0.000E+OO 1.383E+01 1.599E+O0
1.400E+02 1.053E+01 1.956E+01 4.492E+01 1.266E+01 0.000E+OO 1.401E+01 1.595E+O0
1.500E+02 1.lllE+O1 2.040E+01 4.584E+01 1.206E+01 0.000E+OO 1.418E+01 1.587E+O0
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EVALUATION OF p + 93Nb CROSS SECTIONS FOR THE ENERGY
RANGE 1 to 150 MeV

M. B. Chadwick, and P. G. Young
10 December 1997

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating, radioactivity,
and shielding applications over the incident proton energy range
from 1 to 150 MeV. The evaluation utilizes MF=6, MT=5 to
represent all reaction data. Production cross sections and
emission spectra are given for neutrons, protons, deuterons,
tritons, alpha particles, gamma rays, and all residual nuclides
produced (A>5) in the reaction chains. To summarize, the ENDF
sections with non-zero data above are:

MF=3 MT= 2

MT= 5

MF=6 MT= 2

MT= 5

Integral of nuclear plus interference components
of the elastic scattering cross section

Sum of binary

Elastic (p,p)
ratios of the

(p,n’) and (p,x) reactions

angular distributions given
differential nuclear-~lus-.

interference to the integrated value.

Production cross sections and enerqy-anqle

as

distributions for emission neutron~~ pr~tons,
deuterons, and alphas; and angle-integrated
spectra for gamma rays and residual nuclei that
are stable against particle emission

The evaluation is based on nuclear model calculations that have
been benchmarked to experimental data, especially for n +93Nb and
p +93Nb reactions (Ch98) . We use the GNASH code system (Y092) ,
which utilizes Hauser-Feshbach statistical, preequilibrium and

, direct-reaction theories. Spherical optical model calculations are
used to obtain particle transmission coefficients for the Hauser-
Feshbach calculations, as well as for the elastic proton angular
distributions .

Cross sections and spectra-for producing individual residual
nuclei are included for reactions. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A model was developed to calculate the energy distributions of

all recoil nuclei in the GNASH calculations (Ch96a) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. All
other data in MT.5,MF.6 are given in the center-of-mass system.
This method of representation utilizes the LCT=3 option approved
at the November, 1996, CSEWG meeting.

Preequilibrium corrections..-wpert~~w~eded ir. t.% course. of tie
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85) , validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyuk et al. (Ig75) and pairing and
shell parameters from the Cook (C067) analysis. Neutron and
charged- particle transmission coefficients were obtained from the
optical potentials, as discussed below. Gamma-ray transmission



coefficients were calculated using the Kopecky-Uhl model (K090) .

SPECIFIC INFORMATION CONCERNING THE NB-93 EVALUATION

The following optical potentials were used in the GNASH
calculations . For incident neutrons, the Wilmore-Hodgson
potential was used below 15 MeV, and the Madland potential (Ma88)
was used at higher energies. For incident protons, the
Becchetti-Greenlees (Be69) potential was used up to 50 MeV, above
which the Madland potential (Ma88) was used. In both cases, the
matching energy between the potentials was chosen to result in
continuity of the reaction cross section. For protons at 50 MeV
the reaction cross section (and transmission coefficients) was
renormalized slightly to smoothen the transition between the
potentials. The Perey (Pe63) potential was used for indident
deuterons. For tritons, the Becchetti-Greenlees (Be71) was used
up to 80 MeV, above which the Watanabe potential was used. The
Moyen (McFadden Satchler) (Mc66) potential was used for alpha
particles over the whole energy range.

Direct inelastic scattering to low-lying states in Nb93 was
determined as follows. Coherent excitation of 2+ and 3-
vibrations were assumed to be fragmented over Nb93 states, after
coupling these excitations with the 4.5+ core. The magnitudes of
the deformation lengths of 2+ and 3- excitations was obtained by
fitting values of 34 and 46 mb respectively at 14 MeV, obtained
in ref. (Ch93) and accounting for measurements well. This
strength was then fragmented over Nb states. For the 3-
excitationr the 7 states are in the “continuum” region of the
GNASH calculation at approximately 2.5 MeV, with spins 1.5-,2.5-,
.,,7.5-. For the 2+, the 5 states (2.5+,3.5+, ...6.5+) near 1 MeV
were assumed to be those whose inelastic cross section in the
existing ENDF <20 MeV file are significant (note that the ENDF
file below 20 MeV appears to incorporate inelastic information
only up to 5 MeV for many states, >fter which a value of zero
20 MeV was inserted) .

Experimental data is used to benchmark the calculations. For
incident neutrons, experimental neutron emission spectra data
exist at 20 and 26 MeV by Marcinkowski (Ma83) . For incident
protons, spectra data exist at 14 and 26 MeV by Watanabe et

at

al . (Wa97) , and at 65 MeV by Sakai et al (sa80j . Our evaluation
agrees reasonably well with these measurements.

**************** **************** ***************** ***************
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= TARGE!c 1000Z+A (if A=O then elemental)
= PROJ?3CTXLE 1000Z+A
Lastic, elastic, and Production cross sections for A<5 ejectiles in barns:

w nonelaa elastic neutron. proton . deuteron tri.ton heliud alpha ,
J,

ga.mlna

. — ..,,.” .,,... ..”

E+oo 1.S58E-05 0.000E+OO 3.450E-09 0.000E+OO 0.000E+OO 0.000E+oo 0.000E+oo 1.602E-05 1.31,2E-os
E+OO 1.640E-03 0.000E+.00 2,361E-06 E.393E-lo o.000E+oo o.000E+oo o.Ooo~+oo 1.559E-03 1.o15n-03
E+OO 1.851E-02 0.000E+OO 1.427E-02 3.074E-05 0.000E+OO 0.000E+OO 0.000E+OO 4.055E-03 2.668E-02
s+00 8.703E-02 0.000E+OO 7,961E-02 5.689E-04 0.000E+OO 0.000E+OO 0.000E+OO 6.442E-03 1.729E-01
wOO 2.125E-01 0.000E+OO 1.972E-01 3.368E-03 0.000E+OO 0.000E+OO 0.000E+OO 1.117E-02 5.063E-01
S+oo 3.762E-01 0.000E+oO 3.477E-01 1.047E-02 0.000E+OO 0.000E+OO 0.000E+OO 1.687E-02 1.026E+O0

:+00 5.440E-OL 0.000E+OO 4.984E-01 2.121E-02 6.825E-09 0.000E+OO 0.000E+OO 2.297E-02 1..649E+OO
+00 6.884E-01 0.00oE+OO 6.243E-01 3.300E-02 3.445E-08 0.000E+OO 0.000E+OO 2.967E-02 2.278E+O0
+01 8.139E-01 0.000E+OO 7.471E-01 4.670E-02 1.190E-06 2.836E-I.1 0.000E+OO 3.581E-02 2.849E+O0
tOl 9.107E-O1 0.000B+OO 8.931E-01 6.336E-02 3.370E-05 1.963s-08 0.000E+OO 4.144E-02 3.175E+O0
*O1 9.901E-01 0.00oE+OO 1.066E+O0 1.020E-01 3.745E-04 2.668E-07 0.000E+OO 4.600E-02 3.264E+O0
.01 1.060E+O0 0.000E+OO 1.334E+o0 1.300E-01 1.249E-03 5.230E-06 0.000)s+00 4.977E-02 3.325E+O0
01 1.122E+O0 0.000E+OO 1.561E+o0 1.5s2E-01 2.76SE-03 3.748E-05 0.000E+OO 5.271E-02 3.S18E+O0
01 1.I,7SE+O0 0.000E+OO 1.707E+o0 1.903E-01 5.253E-03 1.299E-04 0.000E+OO 5.505E-02 3.815E+O0
01 1.222E+O0 0.000E+OO 1.795E+O0 2.321E-01 8.276E-03 2.976E-04 0.000Is+OO E..587E-O2 4.178E+O0
01 1.261E+O0 0.000E+OO 1.851E+o0 2,731E-01 1.Z68E-02 S.515E-04 0.000E+OO 5.730E-02 4.540E+O0
11 3..294E+OO 0.000E+OO 1.891E+O0 3,093E-OZ 1.530E-02 8.755E-04 0.000E+OO 5.849E-02 4.886E+O0
)1 1.322E+O0 0.000jz+OO 1.923E+O0 3.401E-01 1.901E-02 1.253?s-03 0.000S+00 5.937E-02 5.205E+O0
(1 1,345E+O0 0.000?2+00 1.951E+O0 3.713E-01 2.213E-02 1.639E-03 0.000E+OO 6.012E-02 5.386E+O0
1 1.378E+O0 0.000E+OO 2.014E+O0 4.894E-01 2.917E-02 2.498E-03 0.000E+OO 6.041E-02 5.415E+O0
1 1.401E+O0 0.000E+OO 2.094E+O0 6.591E-01 3.584E-02 3.338E-03 0.000E+.00 6.003E-02 5.019E+O0
1 1.419E+O0 0.000E+OO 2.217E+O0 7.891E-01 4.230E-02 4.lllE-03 0.000E+OO 5.927E-02, 4.671E+O0
1 1.431E+O0 0.000E+OO 2.359E+O0 8.776E-01 4.850E-02 4.801E-03 0.000E+OO 5.822E-02 4.442E+O0
1.434E+O0 0.000E+OO 2.486E+O0 9.S66E-01 5.420E-02 5.400E-03 0.000E+OO 5.718x-02 4.274E+O0
1.419E+O0 0.000E+OO 2.681E+O0 1.197E+O0 6.499E-02 6.527E-03 0.000E+OO S.623E-02 4.200E+O0
L.383E+O0 0.000)3+00 2.739E+O0 1.354E+O0 7.143E-02 7.221E-03 0.000E+OO 5.840E-02 4.141E+O0
L.329E+O0 0.000E+OO 2.759E+O0 1.393J3+O0 7.577E-02 7.607E-03 0.000S+00 6.354E-02 4.116E+O0
1.276E+O0 0.000E+OO 2.775E+O0 1.399X+O0 7.859E-02 7.815E-03 0.000X+OO 7.096E-02 4.108E+OO
1.229E+O0 0.000E+OO 2.796E+O0 1.412E+O0 8.061E-02 7,935E-03 0.000E+OO 7.904E-02 4.005E+O0
1.207E+O0 0.000E+OO 2.893E+O0 1.448E+O0 8.206E-02 8.060E-03 0.000E+OO 8.928E-02 3.948E+O0
3..186E+O0 0.000E+OO 2.978E+O0 1.477E+O0 8.274E-02 8.218E-03 0.000E+OO 9.884E-02 3.880E+O0
1.165E+O0 0.000E+OO 2.9963J+O0 1.524E+O0 8.445E-02 8.445E-03 0.000E+oO 1.1OOE-O1 3.572E+O0
L.144E+O0 0.000E+OO 3.081E+O0 1.551E+O0 8.487E-02 8.825E-03 0.000E+OO 1.220E-01 3.544E+O0
L.123E+O0 0.000E+OO 3.161E+O0 1.579E+00 8.520E-02 9.391E-03 0.000E+OO 1.338E-01 3.532E+O0
..102E+OO 0.000E+OO 3.229z+O0 1.61OE+OO 8.594E-02 1.005E-02 0.000E+OO 1.435E-01 3.515E+O0
.083E+O0 0.000E+OO 3.291E+O0 1.639E+O0 8.638E-02 1.082E-02 0.000E+OO 1.523E-01 3.468E+O0
.065E+O0 0.000E+OO 3.351E+O0 1.666E+O0 8.693S-02 1.178E-02 0.000E+OO 1.6Z2E-01 3.425E+O0
.0488!+00 0.000E+OO 3.402E+O0 1.691E+O0 8.752E-02 1.276E-02 0.000E+.00 1.686E-01 3.41OE+OO
,018E+O0 0.000E+OO 3.501E+O0 1.749E+O0 8.833E-02 1.504E-02 0.000E+.00 1.829E-01 3.333E+O0
937E-01 0.000IS+OO 3.587E+O0 1.803E+O0 9.019E-02 1.754E-02 0.000E+OO 1.952E-01 3.278E+O0
757E-01 0.000E+OO 3.68SE+O0 1.864E+O0 9.092E-02 2.045E-02 0.000E+OO 2.082E-01 3.246E+O0
654E-01 0.000E+OO 3.793jf+O0 1.929E+O0 9.375E-02 2.367E-02 0.000E+OO 2.211S-01 3.246E+O0
61OE-O1 0.000E+OO 3.889E+O0 1.997E+O0 9.635E-02 2.677E-02 0.000E+OO 2.317E-01 3.240E+O0

1000Z+A (if A=O then eleamntal)
!TILE 1000Z+A
Saion energies for A<5 ejectiles in MeV:
tron proton deuteron triton helium3 alpha munma

17E-01 0.000E+OO 0.000E+OO 0.000E+OO 0.000E+OO 7.014E+O0 2.159E+O0
i8E-01 2.383.E+OO 0.000E+OO 0.000E+OO 0.000E+.00 8.0331c+O0 1.956E+O0
‘7E+O0 2.922E+O0 0.000E+OO 0.000E+OO 0.000E+OO 8.868E+O0 1.096E+O0
8E+O0 3.760E+O0 0.000E+OO 0.000E+OO 0.000E+OO 9.666E+O0 1.240E+O0
5E+O0 4.455E+O0 0.000E+OO 0.000E+OO 0.000E+OO 1.023E+01 1.392E+O0
5E.tOO 5.033.?4+00 0.0003%00 0.000E+OO 0.000E+OO 1.076E+01 1.519E+O0
LIWOO 5.583E+O0 1.2113!+00 0.000E+OO 0.000E+OO 1.124E+01 1.650E+O0

~E+oo 6.106~+00 2.127E+O0 0.000E+OO 0.000E+OO 1.168E+01 1.770E+o0
E+OO 6.620K+O0 2.868E+O0 1.568E+O0 0.000E+OO 1.209E+01 1.857E+O0
E+OO 7.068E+O0 3.946E+O0 2.S26E+O0 0.000E+OO 1.249E+01 1.892E+O0
E+OO 6.533E+O0 4.7353M.00 3.329E+O0 0.000E+OO 1.288E+ol 1.867E+oO_
t+OO 6.875E+O0 5.452E+O0 4.262E+O0 O.OOOE+OO. 1422@-qOZ -l.614E+O0
WOO 7.433E+O0 6.173Ei.00 4.&251W0-O- 0.000E+O0 1.357E+01 1.376E+O0
:+00 7.8-23E+006;930E+O0 5.354E+O0 0.000E+OO 1.39013+01 1.257E+O0
+00 8.1OOE+OO 7.638E+O0 S.943E+O0 0.000E+OO 1.415E+01 1.236E+O0
+00 8.394E+O0 8.334E+O0 6.527E+O0 0.000E+OO 1.444E+01 1.264E+O0
+00 8.739E+O0 9.009E+O0 7.084E+O0 0.000E+OO 1.472E+01 1.317E+O0
*OO 9.122E+O0 9.670E+O0 7.620E+O0 0.000E+OO 1.500E+01 1.380E+O0
.00 9.450E+O0 1.026E+01 8.I08E+O0 0.000E+OO 1.529E+01 1.525E+O0
00 9.224E+O0 1.151E+OI 9.lllE+(jO 0.000E+OO 1.582E+01 1.584E+O0

00 8.927E+O01.273E+011.008E+01 0.000E+OO 1.633E+01 1.625E+O0

00 9.177E+O0 1.393E+01 1.101E+O1 0.000E.I.00 1.683E+01 1.675E+O0
00 9.697E+O0 1.511E+01 1..l95E+O3 0.000E+OO 1.732E+01 1.688E+O0
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EVALUATION OF p + 182W CROSS SECTIONS FOR THE ENERGY
RANGE 2 to 1!50 MeV

M. B. Chadwick and P. G. Young
17.October 1996

This evaluation provides a comple’te representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the ‘incident
neutron energy range from 2 to 150 MeV.

The evaluation utilizes MF = 3 [MT=2 and MT=5] and MF=6 [MT.2
and MT=5] to represent -all reaction data. Production cross
sections and emission spectra are given for neutrons, protons,
deuterons, tritons, alpha particles, gamma rays, and all

residual nuclides p“roduced with non-negligible cross sections
(A>5) in the reaction chains. To summarize, the ENDF sections
with non-zero

MF=3 MT=

MT=

MF=6 MT=

MT=

2

5

2

5

data are:

Integral of nuclear plus interference “components
of. the elastic scattering cross section

Sum of binary (n,n[) and (n,x) reactions

Elastic angular distributions given as ratios of
the differential nuclear-plus-interference to the
integrated value.

Production cross sections and energy-angle
distributions for emission neutrons, pr~tons,
deuterons, and alphas; and angle-integrated
spectra for gamma rays and residual nuclei that
are stable against particle emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
W, n + Ta, p + Ta, and p + W reactions (Ch96a) . We use the GNASH
code system (Y092) , which utilizes Hauser-Feshbach statistical,
preequilibrium and direct-reaction theories. Coupled-channels
and spherical optical model calculations are used to obtain
particle transmission coefficients for the Hauser-Feshbach
calculations, as well as for the elastic neutron angular
distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions that exceed a cross section of
approximately 1 nb at any energy. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A coupled-channels neutron optical model potential based on

earlier work to 100 MeV (Y090) is utilized to 80 MeV, and the
global spherical optical model potential of Madland (Ma88) is
used at highez energti~.. For pr~tcms, the B=~~=tt+ -Green&~%u..- ...
potential (Be69) is utilized below 20 MeV, and the Madland
Semmering potential (Ma88) at higher energies. The Perey
potential (Pe63) is used for deuterons, and the Beccetti-
Greenlees potential (Be71) for tritons. The ECIS79 code (Ra72)
was used for the coupled-channels optical model calculations,
and the SCAT2 code (Be92) was utilized for the spherical optical
model calculations. Minor normalizations were made to the
reaction cross sections and transmission coefficients to produce



agreement with the (sparse) measurements for W and values
inferred from systema”tics of proton and neutron reaction cross
sections from measurements on other targets. The same reaction
cross sections are used for both proton- and neutron-induced
reactions on W isotopes.

A model was developed to calculate the energy distributions of
all recoil nuclei in the GNASH calculations (Ch96b) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. Note
that all other data in MT=5,MF.6 are given in the center-of-mass
system. This method of representation requires a modification of
the original ENDF-6 format, i.e., we use LCT=3 with LAW 1 to
indicate that data for the heavy recoils are in the lab system
but all other reactions are in the cm system.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85) , validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyuk (Ig75) and pairing and shell
parameters from the Cook (C067) analysis. Neutron and charged-
particle transmission coefficients were obtained from the
optical potentials, as discussed above. Gamma-ray transmission
coefficients were calculated using the Kopecky-Uhl model (K090) .

MT=2 elastic scattering data in MF=3 and MF=6 are based on
optical model calculations with the SCAT2 ‘code (Be92) . We have
made use of the “nuclear-plus-interference” option in MF=6,
which corresponds to LAW=5, LTP.12, and the appropriate
integrated cross section is stored in MF=3. Note that because
of the interference effect, the tabulations in both MF=6 and
MF=3 can be negative at some energies and angles.

*************** *************** *************** *************** ****
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74182 = TARGET 1000Z+A (if A=O then elemental)
1001 = PROJECTILE 1000z+A
Nonelastic, elastic, and Production cross sections for A<5 ejectiles in barns:
Energy nonelas elastic neutron proton deutercm tritcm helium3 alpha galnnla

————
3.000E+OO 1.000E-20 0.000E+OO o.OOOE+OO 1.00013-20 0.000E+OO 0.000E+OO 0.000E+OO 1.000E-20 1.000E-20
4.000E+OO 1.689E-05 0.000E+OO 1.541E-05 1.331E-10 0.000E+OO O.OOOE+OO O.OOOE+OO 5.747E-08 2.231E-05
5.000E+OO 1.289E-03 0.000E+OO 1.270E-03 4.128E-08 0.000E+OO 0.000E+OO 0.000E+OO 2.003E-07 2.634E-03
6.000E+OO 3.940E-03 0.000E+OO 3.903E-03 1.121E-06 0.000E+OO 0.000E+OO 0.000E+OO 7.O1lE-07 1.033E-02
7.000E+OO 1.915E-02 O.OOOE+OO ”1.898E-02 2.025E-05 0.000E+OO 0.000E+OO 0.000E+OO 2.755E-06 6.049E-02
8.000E+OO 6.458E-02 0.000E+OO 6.391E-02 2.493E-04 2.651E-08 0.000E+OO 0.000E+OO 8.261E-06 2.309E-01
9.000E+OO 1.537E-01 0.000E+OO 1.514E-01 1.537E-03 2.334E-08 0.000E+OO 0.000E+OO 2.275E-05 6.109E-O1
1.000E+O1 2.875E-01 0.000E+OO 2.803E-01 6.137E-03 2.346E-08 2.661E-11 0.000E+OO 5.772E-05 1.249E+O0
1.1OOE+O1 4.462E-01 0.000E+OO 5.365E-01 1.741E-02 1.072E-06 1.305E-08 0.000E+OO 1.319E-04 1.630E+O0
1.200E+01 6.053E-01 0.000E+OO 9.314E-01 3.079E-02 5.354E-06 3.105E-O7 0.000E+OO 2.761E-04 1.733E+O0
1.300E+01 7.529E-01 0.000E+OO 1.266E+O0 4.657E-02 3.091E-05 1.471E-06 0.000E+OO 5.347E-04 2.164E+O0
1.400E+01 8.956E-01 0.000E+OO 1.54”6E+O0 6.449E-02 1.687E-04 8.511E-06 O.OOOE+OO 9.41OE-O4 2.865E+O0
1.500E+01 1.033E+00 0.000E+OO 1.794E+O0 8.283E-02 6.508E-04 3.806E-05 0.000E+OO 1.504E-03 3.727E+O0
1.600E+01 1.135E+O0 0.000E+OO 1.969E+O0 1.004E-01 1.660E-03 1.234E-04 0.000E+OO 2.194E-03 4.559E+O0
1.700E+01 1.188E+O0 0.000E+OO 2.045E+O0 1.176E-01 3.140E-03 2.987E-04 0.000E+OO 2.959E-03 5.218E+O0
1.800E+01 1.221E+00 0.000E+OO 2.082E+O0 1.344E-01 5.098E-03 5.651E-04 0.000E+OO 3.763E-03 5.793E+O0
1.900E+01 1.250E+O0 0.000E+OO 2.109E+OO 1.515E-01 7.416E-03 9.227E-04 0.000E+OO 4.61OE-O3 6.341E+O0
2.000E+O1 1.289E+O0 0.000E+OO 2.154E+O0 1.703E-01 1.038E-02 1.454E-03 0.000E+OO 5.548E-03 6.723E+O0
2.200E+01 1.394E+O0 0.000E+OO 2.438E+O0 2.058E-01 1.618E-02 2.474E-03 0.000E+OO 7.42713-03 7.518E+O0
2.400E+01 1.492E+O0 0.000E+OO 2.893E+O0 2.426E-01 2.213E-02 3.532E-03 0.000E+OO 9.126E-03 7.663E+O0
2.600E+01 1.577E+O0 0.000E+OO 3.287E+O0 2.860E-01 2.820E-02 4.476E-03 0.000E+OO 1.069E-02 7.996E+O0
2.800E+01 1.638E+O0 0.000E+OO 3.536E+O0 3.288E-01 3.406E-02 5.432E-03 0.000E+OO 1.206E-02 8.619E+O0
3.000E+O1 1.681E+O0 0.000E+OO 3.746E+O0 3.747E-01 3.867E-02 6.287E-03 0.000E+OO 1.328E-02 9.052E+O0
3.500E+01 1.756E+O0 0.000E+OO 4.369E+O0 5.007E-01 5.124E-02 7.832E-03 0.000E+OO 1.595E-02 8.304E+O0
4.000E+O1 1.800E+O0 0.000E+oO 4.679E+O0 6.181E-01 6.122E-02 8.724E-03 O.OOOE+OO 2.074E-02 9.398E+O0
4.500E+01 1.822E+O0 0.000E+OO 4.939E+O0 7.301E-01 6.906E-02 9.235E-03 0.000E+OO 2.626E-02 9.786E+O0
5.000E+O1 1.830E+O0 0.000E+OO 5.223E+O0 8.258E-01 7.523E-02 9.509E-03 0.000E+OO 2.594E-02 9.811E+O0
5.500E+01 1.832E+O0 0.000E+OO 5.492E+O0 9.112E-01 7.861E-02 9.627E-03 0.000E+OO 2.651E-02 9.593E+O0
6.000E+O1 1.830E+O0 0.000E+OO 5.712E+O0 9.860E-01 8.277E-02 9.631E-03 0.000E+OO 2.777E-02 9.573E+O0
6.500E+01 1.826E+O0 0.000E+OO 5.895E+O0 1.052E+O0 8.629E-02 9.558E-03 0.000E+OO 2.909E-02 9.640E+O0
7.000E+O1 1.819E+O0 0.000E+OO 6.018E+O0 1.101E+OO 8.868E-02 9.403E-03 0.000E+OO 3.120E-02 8.282E+O0
7,500E+01 1.809E+O0 0.000E+OO 6.298E+O0 1.133E+O0 8.956E-02 9.243E-03 0.000E+OO 3.445E-02 8.391E+O0
8.000E+O1 1.799E+O0 0.000E+OO 6.569E+O0 1.160E+O0 9.024E-02 9.153E-03 0.000E+OO 3.790E-02 8.482E+O0
8.500E+01 1.788E+O0 0.000E+OO 6.803E+O0 1.188E+O0 9.099E-02 9.146E-03 0.000E+OO 4.155E-02 8.493E+O0
9.000E+O1 1.778E+O0 0.000E+OO 7.040E+O0 1.214E+O0 9.098E-02 9.221E-03 0.000E+OO 4.717E-02 8.521E+O0
9.500E+01 1.768E+O0 0.000E+OO 7.261E+O0 1.240E+O0 9.172E-02 9.379E-03 0.000E+OO 5.161E-02 8.539E+O0
1.000E+02 1.756E+O0 0.000E+OO 7.466E+O0 1.264E+O0 9.218E-02 9.615E-03 0.000E+OO 5.699E-02 8.368E+O0
1.1OOE+O2 1.727E+O0 O.OOOE+OO, 7.791E+O0 1.308E+O0 9.253E-02 1.025E-02 O.OOOE+OO 6.800E-02 8.302E+O0
1.200E+02 1.699E+O0 0.000E+OO 8.090E+O0 1.348E+O0 9.264E-02 1.116E-02 0.000E+OO 7.934E-02 8.163E+O0
1.300E+02 1.672E+O0 0.000E+OO 8.364E+O0 1.387E+O0 9.225E-02 1.233E-02 0.000E+OO 9.022E-02 8.033E+O0
1.400E+02 1.648E+O0 0.000E+OO 8.620E+O0 1.430E+O0 9.156E-02 1.367E-02 0.000E+OO 1.O1OE-O1 7.998E+O0
1.500E+02 1.631E+O0 0,000E+OO 8.875E+O0 1.479E+O0 9.077E-02 1.524E-02 0.000E+OO 1.124E-01 7.903E+O0

74L82 = TARGET 1000Z+A (if A=O then elemental)
1001 = PROJECTILE 1000Z+A
Aver. lah emission energies for Ac5 ejectiles in MeV:
Energy neutron proton deuteron triton helium3 alpha ganmla

3.000E+OO 0.000E+OO 9.107E-O5””O.OOOE+OO 0.000E+OO 0.000E+OO 8.778E+O0 3.256E+O0
4.000E+OO 2.345E-01 3.860E+O0 0.000E+OO 0.000E+OO 0.000E+OO 9.859E+O0 4.083E-01
5.000E+OO 5.591E-01 4.686E+O0 0.000E+OO 0.000E+OO 0.000E+OO 1.063E+01 4.520E-01
6.000E+OO 9.41OE-O1 5.666E+O0 0.000E+OO 0.000E+OO 0.000E+OO 1.141E+01 5.707E-01
7.000E+OO 1.125E+O0 6.657E+O0 0.000E+OO 0.000E+OO 0.000E+OO 1.231E+01 7.306E-01
8.000E+OO 1.197E+O0 7.657E+O0 1.989E+O0 0.000E+OO 0.000E+OO 1.294E+01 8.820E-01
9.000E+OO 1.216E+O0 8.623E+O0 2.982E+O0 0.000E+OO 0.000E+OO 1.374E+01 1.032E+O0
1.000E+O1 1.276E+O0 9.583E+O0 3.954E+O0 3.302E+O0 0.000E+OO 1.445E+01 1.136E+O0
1.1OOE+O1 1.149E+O0 1.053E+01 4.727E+O0 4.280E+O0 0.000E+OO 1.518E+01 1.116E+O0
1.200E+01 1.112E+O0 1.141E+01 5.454E+O0 4.874E+O0 0.000E+OO 1.600E+01 8.256E-01
1.300E+Ol 1.219E+O0 1.224E+01 6.508E+O0 5.523E+O0 0.000E+OO 1.676E+01 6.502E-01
L40L2E+01. I.355E+O0 1.3Q1E+OI 7.4443wX) S.577E4-000.WQE+-04 3..’744+2+015<657E-%1
1.500E+01 1.474E+O0 1.370E+01 8.329E+O0 7.407E+O0 0.000E+OO 1.804E+01 7.098E-01
1.600E+01 1.573E+O0 1.435E+01 9.127E+O0 8.195E+O0 0.000E+OO 1.859E+01 7.928E-01
1.700E+01 1.664E+O0 1.498E+01 9.881E+O0 8.894E+O0 0.000E+OO 1.912E+01 8.764E-01
1.800E+01 1.755E+O0 1.558E+01 1.063E+01 9.527E+O0 0.000E+OO 1.960E+01 9.520E-01
1.900E+01 1.853E+O0 1.616E+01 1.135E+01 1.012E+01 0.000E+OO 2.005E+01 1.013E+O0
2.000E+O1 1.951E+O0 1.681E+01 1.21OE+O1 1.080E+01 0.000E+OO 2.045E+01 1.162E+O0
2.200E+01 2.078E+O0 1.782E+01 1.346E+01 1.188E+01 0.000E+OO 2.114E+01 1.167E+O0
2.400E+01 2.142E+O0 1.865E+01 1.479E+01 1.291E+01 0.000E+OO 2.191E+01 1.041E+O0

a.gbb~+bi2.25AE+bd1.!MAE+oI1.609E+011.382E+010.000E+oo2.269E+019.417E-01
2.800E+012.404E+O02.007R+011.737E+011.482X+010.000E+OO2.342E+019.332E-01
3.000E+O12.545E+O02.083E+011.851E+011.581E+01 0.000E+OO 2.41OE+O1 9.512E-01
3..5OOE+O1 2.844E+O0 2.290E+01 2.174E+01 1.813E+01 0.000E+OO 2.557E+01 9.732E-01
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4.000E+O1 3.230E+O0 2.520E+01 2.502E+01 2.034E+01 0.000E+OO 2.478E+01 1.00IE+OO
4.500E+01 3.599E+o0 2.7s9E+01 2.828E+01 2.255E+01 0.000E+OO 2.402E+01 1.007E+O0
.5.000E+O1 3.911E+O0 z.989E+01 3.147E+01 2.475E+01 0.000E+OO 2.606E+01 9.733E-01
5.500E+01 4.200E+O0 3.221E+01 3.432E+01 2.692E+01 0.000E+OO 2.745E+01 9.702E-01
6.000E+O1 4.490E+O0 3.447E+01 3.739E+01 2.907E+01 0.000E+OO 2.831E+01 9.718E-01
6.500E+01 4.784E+O0 3.664E+01 4.042E+01 3.119E+01 0.000E+OO 2.901E+01 9.861E-01
7.000E+O1 5.105E+OO 3.884E+01 4.349E+01 3.313E+01 0.000E+OO 2.924E+01 1.235E+O0
7.500E+01 5.263E+O0 4.084E+01 4.646E+01 3.474E+01 0.000E+OO 2.889E+01 1.223E+O0
8.000E+O1 5.418E+O0 4.282E+01 4.939E+01 3.607E+01 0.000E+OO 2.854E+01 1.219E+O0
8.500E+01 5.595E+O0 4.476E+01 5.231E+01 3.712E+01 0.000E+OO 2.819E+01 1.228E+O0
9.000E+O1 5.761E+O0 4.663E+01 5.499E+01 3.781E+01 0.000E+OO 2.716E+01 1.229E+O0
9.500E+01 5.935E+O0 4.832E+01 5.782E+01 3.821E+01 0.000E+OO 2.683E+01 1.231E+O0
1.000E+02 6.098E+O0 5.006E+01 6.058E+01 3.823E+01 0.000E+OO 2.632E+01 1.235E+O0
1.100E+02 6.424E+O0 5.356E+01 6.593E+01 3.754E+01 0.000E+OO 2.546E+01 1.229E+O0
1.200E+02 6.750E+O0 5.681E+01 7.099E+01 3.601E+01 0.000E+OO 2.481E+01 1.231E+O0
1.300E+02 7.077E+O0 5.981E+01 7.556E+01 3.401E+01 0.000E+OO 2.440E+01 1.239E+O0
1.400E+02 7.415E+O0 6.250E+01 7.974E+01 3.193E+01 0.000E+OO 2.405E+01 1.242E+O0
1.500E+02 7.758E+O0 6.492E+01 8.353E+01 2.983E+01 0.000E+OO 2.373E+01 1.260E+O0



104

103

102

10’

103

102

10’

10°

p+ 18*W nonelastic and production cross sections

I I .* ...”
n

I“”’” 1”-”
“.+ ...J.......... .... I

.... J. ... I I
.....

.“.
. ‘Y
.
.
.
.
.
.
.
.
. .—-— ——— P.. ---— —.....

.

/

/.
.. /
.. /
. (x

------ ------ - ~.~” =
#-e- = .~

j /

/+ ...*
.-”” d

●.H..-
..-,, - ... ..d.”~””d

t--------
●-.-*--------- -------- .- .0.-

1 I 1 I I I I I I I I

I I I I I I I 1 1 I I I I I I

0 50 100 150
Incident Energy (MeV)



p+ ’82W angle-integrated emission spectra



p+ 18*W Kalbach preequilibrium ratios
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EVALUATION OF p + 183W CROSS SECTIONS FOR THE ENERGY
RANGE 2 to 150 MeV

M. B. Chadwick and P. G. Young
17 October 1996

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
neutron energy range from 2 to 150 MeV.

The evaluation utilizes MF = 3 [MT=2 and MT=5] and MF=6 [MT=2
and MT=5] to represent all reaction data. Production cross
sections and emission spectra are given for neutrons, protons,
deuterons, tritons, alpha particles, gamma rays, and all

residual nuclides produced with non-negligible cross sections
(A>5) in the reaction chains. To summarize, the ENDF sections

,..: 4-L --- ---- data are:WJ-L1l lLUL1-LIC.LU

MF=3 MT= 2

MT= 5

MF=6 MT= 2

MT= !5

Integral of nuclear plus interference components
of the elastic scattering cross section

Sum of binary (n,n’) and (n,x) reactions

Elastic angular distributions given as ratios of
the differential nuclear-plus-interference to the
integrated value.

Production cross sections and energy-angle
distributions for emission neutrons, protons,
deuterons, and alphas; and angle-integrated
spectra for.gamma rays and residual nuclei that
are stable against particle emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
W, n + Ta, p + Ta, and p + W reactions (Ch96a) . We.use the GNASH
code system (Y092) , which utilizes Hauser-Feshbach statistical,
preequilibrium and direct-reaction theories. Coupled-channels
and spherical optical model calculations are used to obtain
particle transmission coefficients for the Hauser-Feshbach
calculations, as well as for the elastic neutron angular
distributions .

Cross sections and spectra for producing individual residual
nuclei are included for reactions that exceed a cross section of
approximately 1 nb at any energy. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A coupled-channels neutron optical model potential based on

earlier work to 100 MeV (Y090) is utilized to 80 MeV, and the
global spherical optical model potential of Madland (Ma88) is
used- at higher energies. For protons, the Beccetti-Greenlees
potential (Be69) is utilized below 20 MeV, and the Madland
Semmering potential (Ma88) at higher energies. The Perey
potential (Pe63) is used for deuterons-, and the Beccetti-
Greenlees potential (Be71) for tritons. The ECIS79 code (Ra72)
was used for the coupled-channels optical model calculations,
and the SCAT2 code (Be92) was utilized for the spherical optical
model calculations. Minor normalizations were made to the
reaction cross sections and transmission coefficients to produce



agreement with the (sparse) measurements for W and values
inferred from systematic of proton and neutron reaction cross
sections from measurements on other targets. T>e same reaction
cross sections are used for both proton- and neutron-induced
reactions on W isotopes.

A model was developed to calculate the energy distributions of
all recoil nuclei “in the GNASH calculations (Ch96b) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. Note
that all other data in MT=5,MF=6 are given in the center-of-mass
system. This method of representation requires a modification of
the original ENDF-6 format, i.e., we use LCT=3 with LAW 1 to
indicate that data for the heavy recoils are in the lab system
but all other reactions are in the cm system.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85) , validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation. of Ignatyuk (Ig75) and pairing and shell
parameters from the Cook (C067) analysis. Neutron and charged-
particle transmission coefficients were obtained from the
optical potentials, as discussed above. Gamma-ray transmission
coefficients were calculated using the Kopecky-Uhl model (K090) .

MT=2 elastic scattering data in MF=3 and MF=6 are based on
optical model calculations with the SCAT2 code (Be92) . We have
made use of the “nuclear-plus-interference” option in MF=6,
which corresponds to LAW.5, LTP=12, and the appropriate
integrated cross section is stored in MF=3. Note that because
of the interference effect, the tabulations in both MF=6 and
MF=3 can be negative at some energies and angles.

**************** **************** **************** ****************
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74183 = TARGET 1000Z+A (if A.O then elemental)

1001 = PROJECTILE 1000z+A
Nonelastic, elastic, and Production cross sections for AC5 ejectiles in barns:
Enerw nonelas elastic neutron proton deuteron triton helium3 alpha g~

3.000E+OO 1.000E-20 O.OOOE+OO ”’1.OOOE-20’’1.OOOE-2O 0.000E+OO 0.000E+OO O.OOOE+OO” 1.000E-20 1.000E-20
4.000E+OO 1.689E-05 0.000E+OO 1.650E-05 1.633E-11 0.000E+OO 0.000E+OO 0.000E+OO 2.253E-07 3.642E-05
5.000E+OO 1.289E-03 0.000E+OO 1.278E-03 2.453E-08 0.000E+OO 0.000E+OO 0.000E+OO 4.925E-07 3.490E-03
6.000E+OO 3.940E-03 0.000E+OO 3.913E-03 1.476E-07 3.025E-12 0.000E+OO 0.000E+OO 1.898E-06 1.241E-02
7.000E+OO 1.915E-02 0.000E+OO 1.903E-02 2.053E-05 1.766E-12 0.000E+OO 0.000E+OO 5.759E-06 6.954E-02
8.000E+OO 6.458E-02 0.000E+OO 6.408E-02 2.649E-04 1.438E-09 0.000E+OO 0.000E+OO 1.555E-05 2.586E-01
9.000E+OO 1.537E-01 0.000E+oo 1.516E-01 1.630E-03 6.623E-07 4.726E-14 0.000E+OO 4.296E-05 6.760E-01
1.000E+OI 2.875E-01 0.000E+OO 2.837E-01 6.481E-03 4.575E-06 2.222E-10 0.000E+OO 1.134E-04 1.356E+O0
1.1OOE+O1 4.462B-01 0.000E+OO 5.781E-01 1.811E-02 2.180E-05 1.214E-07 0.000E+OO 2.397E-04 1.712E+O0
1.200E+01 6.053E-01 0.000E+OO 9.431E-01 3.178E-02 1.264E-04 8.638E-07 0.000E+OO 4.580E-04 2.00IE+OO
1.300E+01 7.529E-01 0.000E+OO 1.260E+O0 4.788E-02 5.182E-04 4.237E-06 0.000E+OO 8.214E-04 2.526E+O0
1.400E+01 8.956E-01 0.000E+OO 1.530E+O0 6.632E-02 1.444E-03 2.238E-05 0.000E+OO 1.354E-03 3.271E+O0
1.500E+01 1.033E+O0 0.000E+OO 1.773E+O0 8.540E-02 2.943E-03 8.204E-05 0.000E+OO 2.046E-03 4.151E+O0
1.600E+01 1.135E+O0 0.000E+OO 1.943E+O0 1.037E-01 5.O1lE-03 2.259E-04 0.000E+OO 2.848E-03 4.727E+O0
1.700E+01 1.188E+O0 0.000E+OO 2.023E+O0 1.215E-01 7.508E-03 4.707E-04 0.000E+OO 3.693E-03 5.294E+O0
1.800E+01 1.221E+O0 0.000E+OO 2.145E+O0 1.387E-01 1.016E-02 8.153E-04 O.OOOE+OO 4.543E-03 5.477E+O0
1.900E+01 1.250E+O0 O.OOOE+OO ’2.361E+O0 1.562E-01 1.307E-02 1.249E-03 0.000E+OO 5.406E-03 5.318E+O0
2.000E+O1 1.289E+O0 0.000E+OO 2.588E+O0 “1.750E-01 1.701E-02 1.788E-03 0.000E+OO 6.316E-03 4.922E+O0
2.200E+01 1.394E+O0 0.000E+OO 3.021E+O0 2.115E-01 2.357E-02 2.923E-03 0.000E+OO 8.032E-03 5.269E+O0
2.400)3+01 1.492E+O0 0.000E+OO 3.330E+OO- 2.487E-01 2.989E-02 4.065E-03 0.000E+OO 9.573E-03 6.383E+O0
2.600E+01 1.577E+O0 0.000E+OO 3.556E+O0 2.926E-01 3.615E-02 5.171E-03 0.000E+OO 1.1OOE-O2 7.599E+O0
2.800E+01 1.638E+O0 0.000E+OO 3.728E+O0 3.362E-01 4.002E-02 6.158E-03 0.000E+OO 1.227E-02 8.650E+O0
3.000E+O1 1.681E+O0 0.000E+OO 3.905E+O0 3.822E-01 4.560E-02 7.020E-03 0.000E+OO 1.341E-02 9.240E+O0
3.500E+01 1.756E+O0 0.000E+OO 4.500E+O0 5.059E-01 5.775E-02 8.517E-03 0.000E+OO 1.562E-02 9.283E+O0
4.000E+O1 1.800E+O0 0.000E+OO 4.900E+O0 6.202E-01 6.722E-02 9.352E-03 0.000E+OO 1.739E-02 9.533E+O0
4.500E+01 1.822E+O0 0.000E+OO 5.237E+O0 7.299E-01 7.462E-02 9.81OE-O3 0.000E+OO 1.915E-02 9.530E+O0
5.000E+O1 1.830E+O0 0.000E+OO 5.447E+O0 8.230E-01 8.043E-02 1.005E-02 0.000E+OO 2.305E-02 9.886E+O0
5.500E+01 1.832E+O0 0,.000E+OO “5.664E+O0 9.055E-01 8.513E-02 1.012E-02 0.000E+OO 2.557E-02 9.852E+O0
6.000E+O1 1.830E+O0 0.000E+OO 5.886E+O0 9.782E-01 8.885E-02 1.O1OE-O2 0.000S+00 2.643E-02 9.695E+O0
6.500E+01 1.826E+O0 0.000E+OO 6.094E+O0 1.042E+O0 9.17$E-02 1.00IE-02 0.000E+OO 2.736E-02 9.553E+O0
7.000E+O1 1.819E+O0 0.000E+OO 6.297E+O0 1.078E+O0 9.287E-02 9.812E-03 0.000E+OO 2.993E-02 7.972E+O0
7.500E+01 1.809E+O0 0.000E+OO 6.575E+O0 1.108E+OO 9.352E-02 9.669E-03 0.000E+OO 3.267E-02 8.019E+O0
8.000E+O1 1.799E+O0 0.000E+OO 6.842E+O0 1.134E+O0 9.396E-02 9.602E-03 0.000E+OO 3.593E-02 8.075E+O0
8.500E+01 1.788E+O0 0.000E+OO 7.078E+O0 1.161E+O0 9.452E-02 9.620E-03 0.000E+OO 3.930E-02 8.130E+O0
9.000E+O1 1.778E+O0 0.000E+OO 7.314E+O0 1.184E+O0 9.488E-02 9.723E-03 0.000E+OO 4.301E-02 8.139E+O0
9.500E+01 1.768E+O0 0.000E+OO 7.538E+O0 1.208E+O0 9.539E-02 9.91OE-O3 0.000E+OO 4.695E-02 8.106E+OO
1.000E+02 1.756E+O0 0.000E+OO 7.746E+O0 1.231E+O0 !3.517E-02 1.018E-02 0.000E+OO 5.153E-02 8.080E+O0
1.1OOE+O2 1.727E+O0 0.000E+OO 8.061E+O0 1.272E+O0 9.506E-02 1.089E-02 0.000E+OO 6.113E-02 8.070E+O0
1.200E+02 1.699E+O0 0.000E+OO 8.352E+O0 1.31OE+OO 9.461E-02 1.187E-02 0.000E+OO 7.201E-02 7.952E+O0

, 1.300E+02 1.672E+O0 0.000E+OO 8.6<13E+00 1.346E+O0 9.388E-02 1.312E-02 0.000E+OO 8.315E-02 7.631E+O0
1.400E+02 1.648E+O0 0.000E+OO 8.866E+O0 1.383E+O0 9.287E-02 1.457E-02 0.000E+OO 9.334E-02 7.508E+O0
1.500E+02 1.631E+O0 0.000E+OO 9.119E+O0 1.425E+O0 9.184E-02 1.618E-02 0.000E+OO 1.030E-01 7.481E+O0

74183 = TARG5T 1000Z+A (if A=O then elemental)
1001 = PROJECTILE 1000Z+A
Aver. lab emission energies for A<5 ejectiles in MeV:
Energy neutron proton deuteron triton helium3 alpha ganlma

3.000E+OO 7.640E-01 9.008E-05 0.000E+OO 0.000E+OO 0.000E+OO 9.134E+O0 1.959E+O0
4.000E+OO 9.864E-01 3.753E+O0 0.000E+OO 0.000E+OO 0.000E+OO 1.033E+01 8.071E-01
5.000E+OO 1.095E+O0 4.683E+O0 0.000E+OO 0.000E+OO 0.000E+OO 1.090E+01 9.718E-01
6.000E+OO 1.137E+O0 5.165E+O0 1.988E+O0 0.000E+OO 0.000E+OO 1.192E+01 1.139E+O0
7.000E+OO 1.158E+O0 6.725E+O0 2.673E+O0 0.000E+OO 0.000E+OO 1.263E+01 1.230E+O0
8.000E+OO 1.208E+O0 7.712E+O0 3.665E+O0 0.000E+OO 0.000E+OO 1.334E+01 1.343E+O0
9.000E+OO 1.302E+O0 8.713E+O0 4.678E+O0 8.108E-O4 0.000E+OO 1.376E+01 1.421E+O0
1.000E+O1 1.404E+O0 9.668E+O0 5.343E+O0 3.628E+O0 0.000E+OO 1.407E+01 1.473E+O0
1.1OOE+O1 1.218E+O0 1.061E+01 6.284E+O0 4.625E+O0 0.000E+OO 1.509E+01 1.259E+O0
1.200E+01 1.232E+O0 1.148E+01 7.261E+O0 5.201E+O0 0.000E+OO 1.615E+01 9.020E-01
1.300E+01 1.361E+O0 1.229E+01 8.144E+O0 6.129E+O0 0.000E+OO 1.702E+01 7.052E-01
1.400E+01 1.496E+O0 1.304E+01 8.938E+O0 7.052E+O0 0.000E+OO 1.770E+01 6.81OE-O1
1.500E+01 1.608E+O0 1.368E+01 9.628E+O0 7.852E+O0 0.000E+oO 1.830E+01 7.283E-01
1.600E+01 1.699E+O0 1.433E+01 1.037E+01 8.587E+O0 0.000E+OO 1.885E+01 8.531E-01
1.700E+01 1.797E+O0 1.496E+01 1.109E+O1 9.227E+O0 0.000E+OO 1.938E+01 9.235E-01
1.800E+01 1.840E+O0 1.557E+01 1.179E+01 9.829E+O0 0.000E+OO 1.987E+01 9.463E-01
1.900E+01 1.837E+O0 1.616E+01 1.248E+01 1.040E+01 0.000E+OO 2.035E+01 8.831E-01
2.000E+O1 1.861E+O0 1.680E+01 1.319E+01 1.098E+01 0.000E+OO 2.081E+01 9.036E-01
2.200E+01 1.985E+O0 1.784E+01 1.455E+01 1.204E+01 0.000E+OO 2.168E+01 8.435E-01
2,400E+01 2.150E+O0 1.870E+01 1.588E+01 1.307E+01 0.000E+OO 2,250E+01 8,740E-01

2.600E+01 2.322E+O0 1.950E+01 1.719E+01 1.409E+01 0.000E+OO 2.327E+01 9.476E-01
2.800E+01 2.501E+O0 2.020E+01 1.826E+01 1.508E+01 0.000E+OO 2.397E+01 1.016E+O0
3.000E+O1 2.657E+O0 2.098E+01 1.954E+01 1.606E+01 0.000E+OO 2.460E+01 1.044E+O0
3.500E+01 2.963E+O0 2.312E+01 2.277E+01 1.835E+01 0.000E+OO 2.623E+01 9.270E-01
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4.000E+O1 3.299E+O0 2.546E+01 2.605E+01 2.056E+01 0.000E+OO 2.763E+01 9.193E-01
4.500E+01 3.624E+O0 2.791E+01 2.932E+01 2.277E+01 0.000E+OO 2.859E+01 9.126E-01
5.000E+O1 3.970E+O0 3.020E+01 3.252E+01 2.496E+01 0.000E+OO 2.759E+01 9.371E-01
5.500E+01 4.278E+O0 3.255E+01 3.569E+01 2.711E+01 0.000E+OO 2.775E+01 9.435E-01
6.000E+O1 4.559E+O0 3.484E+01 3.878E+01 2.922E+01 0.000E+OO 2.883E+01 9.369E-01
6.500E+01 4.834E+O0 3.706E+01 4.179E+01 3.128E+01 0.000E+OO 2.971E+01 9.369E-01
7.000E+O1 5.077E+O0 3.932E+01 4.485E+01 3.302E+01 0.000E+OO 2.956E+01 1.181E+O0
7.500E+01 5.237E+o0 4.140E+01 4.785E+01 3.453.E+O1 0.000E+OO 2.932E+01 1.184E+O0
8.000E+O1 5.393E+O0 4.345E+01 5.082E+01 3.575E+01 0.000E+OO 2.891E+01 1.171E+O0
8.500E+01 5.566E+O0 4.544E+01 5.376E+01 3.669E+01 0.000E+OO 2.854E+01 1.181E+O0
9.000E+O1 5.728E+O0 4.739E+01 5.666E+01 3.727E+01 0.000E+OO 2.813E+01 1.185E+O0
9.500E+01 5.897E+O0 4.920E+01 5.952E+01 3.758E+01 0.000E+OO 2.772E+01 1.191E+O0
1.000E+02 6.056E+O0 5.104E+O1 6.216E+01 3.752E+01 0.000E+OO 2.721E+01 1.200E+O0
1.1OOE+O2 6.384E+O0 5.468E+01 6.754E+01 3.674E+01 0.000E+OO 2.625E+01 1.217E+O0
1.200E+02 6.708E+O0 5.807E+01 7.257E+01 3.518E+01 0.000E+OO 2.537E+OI 1.232E+O0
1.300E+02 7.040E+O0 6.125E+01 7.719E+01 3.322E+01 0.000E+OO 2.473E+01 1.265E+O0
1.400E+02 7.373E+O0 6.418E+01 8.140E+01 3.115E+01 0.000E+OO 2.438E+01 1.276E+O0
1.500E+02 7.713E+O0 6.689E+01 8.529E+01 2.920E+01 0.000E+OO 2.418E+01 1.279E+O0



p+ 183Wangle-integrated emission spectra



p+ ’83W Kalbach preequilibrium ratios
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EVALUATION OF p + “184W CROSS SECTIONS FOR THE ENERGY
RANGE 2 to 150 MeV

M. B. Chadwick and P. G. Young
17 October 1996

This evaluation provides a complete representation of. the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
neutron energy range from 2 to 150 MeV.

The evaluation utilizes MF = 3 [MT=2 and MT=5] and MF=6 [MT=2
and MT=5] to represent all reaction data. Production cross
sections and emission spectra are given for neutrons, protons,
deuterons, tritons, alpha particles, gamma rays, and all

residual nuclides produced with non-negligible cross sections
(A>5) in the reaction chains. To summarize, the ENDF sections
with non-zero

MF=3 MT= 2

MT= 5

MF=6 MT= 2

MT= 5

data are:

Integral of nuclear plus interference components
of the elastic scattering cross section

Sum of binary (n,n’) and (n,x) reactions

Elastic angular distributions given as ratios of
the differential nuclear-plus-interference to the
integrated value.

Production cross sections and enercw-anale
distributions for emission neutron~~ pr~tons,
deuterons, and alphas; and angle-integrated
spectra for gamma rays and residual nuclei that
are stable against particle emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
W, n + Ta, p + Ta, and p + W reactions (Ch96a) . We-use the GNASH
code system (Y092) , which utilizes Hauser-Feshbach statistical,
preequilibrium and direct-reaction theories. Coupled-channels
and spherical optical model calculations are used to obtain
particle transmission coefficients for the Hauser-Feshbach
calculations, as well as for the elastic neutron angular
distributions .

Cross sections and spectra for producing individual residual
nuclei are included for reactions that exceed a cross section of
“approximately 1 nb at any energy. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A coupled-channels neutron optical model potential based on

earlier work to 100 MeV (Y090) is utilized to 80 MeV, and the
global spherical optical model potential of Madland, (Ma88) is
lised.at higher energie+. Per ~rek~~l~, tFie BeCC5etti-GrE-en3~
potential (Be69) is utilized below 20 MeV, and the Madland
Semmering potential (Ma88) at higher energies. The Perey
potential (Pe63) is used for deuterons, and the Beccetti-
Greenlees potential (Be71) for tritons. The ECIS79 code (Ra72)
was used for the coupled-channels optical model calculations,
and the SCAT2 code (Be92) was utilized for the spherical optical
model calculations. Minor normalizations were made to the
reaction cross sections and transmission coefficients to produce



agreement with the (sparse) measurements for W and values
inferred from systematic of proton and neutron reaction cross
sections from measurements on other targets. The same reaction
cross sections are used for both proton- and neutron-induced
reactions on W isotopes.

A model was developed to calculate the energy distributions of
all recoil nuclei in the GNASH calculations (Ch96b) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. Note
that all other data in MT=5,MF=6 are given in the center--of-mass
systev. This rne~hod of representation requires a modification of.
the original EIYDF-6 format, i.e., we use LCT=3 with LAW 1 to
indicate that data for the heavy recoils are in the lab system
but all other reactions are in the cm system.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85) , validated by comparison with calculations using Feshbach,
Ke rman, Koonin (FKK) theory [Ch931 . Discrete level data from
nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyuk (Ig75) and pairing and shell
parameters from the Cook (C067) analysis. Neutron and charged-
particle transmission coefficients were obtained from the
optical potentials, as discussed above. Gamma-ray transmission
coefficients were calculated using the Kopecky-Uhl model (K090) .

MT=2 elastic scattering data in MF=3 and MF=6 are based on
optical model calculations with the SCAT2 code (Be92) . We have
made use of the “nuclear-plus-interference” option in MF=6,
which corresponds to LAW=5, LTP=12, and the appropriate
integrated cross section is stored in MF=3. Note that because
of the interference effect, the tabulations in both MF=6 and
MF=3 can be negative at some energies and angles.

*************** *************** *************** *************** ****
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74184 = TARGET 1000Z+A (if A=O than elemental)
1001 = PROJECTILE 1000Z+A
Nonelastic, elastic, and Production cross sections for A<5 ejectiles in barns:
Energy nonelas elastic neutron proton deutercm triton helium3 alpha gamma

3.000E+OO 1.000E-20 0.000E+OO 1.000E-20 1.000E-20 ‘0.000E+OO 0.000E+OO 0.000E+OO 1.000E-20 “1.000E-20
4.000E+OO 1.689E-05 0.000E+oo 1.633E-05 6.767E-12 0.000E+OO 0.000E+OO 0.000E+OO 3.598E-07 3.679E-05
5.000E+OO 1.289E-03 0.000E+OO 1.276E-03 9.543E-09 0.000E+OO 0.000E+OO 0.000E+OO 6.990E-07 3.5422’-03
6.000E+OO 3.940E-03 0.000E+OO 3.907E-03 1.056E-06 0.000E+OO 0.000E+OO 0.000E+OO 2.690E-06 1.259E-02
7.000E+OO 1.915E-02 0.000E+OO 1.902E-02 1.872E-05 0.000E+OO 0.000E+OO 0.000E+OO 7.414E-06 6.997E-02
8.000E+OO 6.458E-02 0.000E+OO 6.407E-02 2.431E-04 7.388E-10 0.000E+OO 0.000E+OO 1.920E-05 2.606E-01
9.000E+OO 1.537E-01 0.000E+OO 1.549E-01 1.531E-03 1.200E-09 1.270E-08 0.000E+OO 4.724E-05 6.632E-01
1.000E+O1 2.875E-01 0.000E+OO 4.069E-01 6.053E-03 4.048E-07 6.240E-08 0.000E+OO 1.119E-04 8.353E-01
1.1OOE+O1 4.462E-01 0.000E+OO 7.440E-01 1.652E-02 3.774E-06 6.657E-07 0.000E+OO 2.449E-04 1.088E+O0
1.200E+01 6.053E-01 0.000E+OO 1.061E+O0 2.889E-02 1.235E-05 3.070E-06 0.000E+OO 4.865E-04 1.606E+O0
1.300E+01 7.529E-01 0.000E+OO 1.336E+O0 4.341E-02 8.508E-05 1.648E-05 0.000E+OO 8.787E-04 2.288E+O0
1.400E+01 8.956E-01 0.000E+OO 1.590E+O0 5.981E-02 3.853E-04 6.862E-05 0.000E+OO 1.433E-03 3.106E+OO
1.500E+01 1.033E+O0 0.000E+OO 1.828E+O0 7.714E-02 1.201E-03 2.079E-04 0.000E+OO 2.134E-03 4.025E+O0
1.600E+01 1.135E+O0 0.000E+OO 1.997E+O0 9.397E-02 2.550E-03 4.752E-04 0.000E+OO 2.934E-03 4.886E+O0
1.700E+01 1.188E+O0 0.000E+OO 2.070E+O0 1.102E-O1 4.409E-03 8.560E-04 0.000E+OO 3.772E-03 5.553E+O0
1.800E+01 1.221E+O0 0.000E+OO 2.112E+O0 1.258E-01 6.682E-03 1.334E-03 0.000E+OO 4.614E-03 6.109E+OO
1.900E+01 1.250E+O0 0.000E+OO 2.209E+O0 1.417E-01 9.250E-03 1.888E-03 0.000E+OO 5.465E-03 6.367E+O0
2.000E+O1 1.289E+O0 0.000E+OO 2.441E+O0 1.601E-01 1.272E-02 2.467E-03 0.000E+OO 6.347E-03 5.976E+O0
2.200E+01 1.394E+o0 0.000E+OO 2.933E+O0 1.936E-01 1.878E-02 3.759E-03 0.000E+OO 7.960E-03 5.974E+O0
2.400E+01 1.492E+O0 0.000E+OO 3.323E+O0 2.284E-01 2.483E-02 4.992E-03 0.000E+OO 9.360E-03 6.486E+O0
2.600E+01 1.577E+O0 0.000E+OO 3.605E+O0 2.699E-01 3.094E-02 6.149E-03 0.000E+OO 1.064E-02 7.282E+O0
2.800E+01 1.638E+O0 0.000E+OO 3.924E+O0 3.11OE-O1 3.678E-02 7.144E-03 0.000E+OO 1.170E-02 7.687E+O0
3.000E+O1 1.681E+O0 0.000E+OO 4.279E+O0 3.554x-01 4.236E-02 7.991E-03 0.000E+OO 1.261E-02 7.805E+O0
3.500E+01 1.756E+O0 0.000E+OO 4.786E+O0 4.762E-01 5.462E-02 9.383E-03 0.000E+OO 1.442S-02 9.021E+O0
4.000E+O1 1.800E+O0 0.000E+OO 5.060E+O0 5.880E-01 6.437E-02 1.013E-02 0.000E+OO 1.591E-02 9.989E+O0
4.500E+01 1.822E+O0 0.000E+OO 5.378E+O0 6.970E-01 7.176E-02 1.050E-02 0.000E+OO 1.712E-02 9.982E+O0
5.000E+O1 1.830E+O0 0.000E+OO 5.643E+O0 7.91OE-O1 7.762E-02 1.063E-02 0.000E+OO 1.816E-02 9.958E+O0
5.500E+01 1.832E+O0 0.000E+OO 5.891E+O0 8.734E-01 8.233E-02 1.064E-02 0.000E+OO 1.933E-02 9.931E+O0
6.000E+O1 1.830E+O0 0.000E+OO 6.107E+OO 9.468E-01 8.405E-02 1.056E-02 0.000E+OO 2.136E-02 9.984E+O0
6.500E+01 1.826E+O0 0.000E+OO 6.299E+O0 1.O1lE+OO 8.749E-02 1.043E-02 0.000E+OO 2.323E-02 9.981E+O0
7.000E+O1 1.819E+O0 0.000E+OO 6.455E+O0 1.051E+O0 9.135E-02 1.019E-02 0.000E+OO 2.512E-02 8.279E+O0
7.500E+01 1.809E+O0 0.000E+OO 6.749E+O0 1.082E+O0 9.204E-02 9.979E-03 0.000E+OO 2.757E-02 8.036E+O0
8.000E+O1 1.799E+O0 0.000E+OO 7.036E+O0 1.108E+OO 9~252E-02 9.852E-03 0.000E+OO 3.047E-02 7.908E+O0
8.500E+01 1.788E+O0 0.000E+OO 7.280E+O0 1.134E+O0 9.311E-02 9.817E-03 0.000E+OO 3.351E-02 8.090E+O0
9.000E+O1 1.778E+O0 0.000E+OO 7.500E+O0 1.157E+O0 9.349E-02 9.871E-03 0.000E+OO 3.692E-02 8.147E+O0
9.500E+01 1.768E+O0 0.000E+OO 7.723E+O0 1.181E+O0 9.402E-02 1.00IE-02 0.000E+OO 4.045E-02 8.207E+O0
1.000E+02 1.756E+O0 0.000E+OO 7.929E+O0 1.201E+O0 9.427E-02 1.025E-02 0.000E+OO 4.433E-02 8.257E+O0
1.1OOE+O2 1.727E+O0 0.000E+OO 8.261E+O0 1.240E+O0 9.263E-02 1.089E-02 0.000E+OO 5.199E-02 8.015E+O0
1.200E+02 1.699E+O0 0.000E+OO 8.556E+O0 1.275E+O0 9.241E-02 1.183E-02 0.000E+OO 6.106E-O2 7.954E+O0

/1.300E+02 1.672E+O0 0.000E+OO 8.8?3E+O0 1.308E+O0 9.186E-02 1.303E-02 0.000E+OO 7.261E-02 7.758E+O0
1.400E+02 1.648E+O0 0.000E+OO 9.084E+O0 1.342E+O0 9.089E-02 1.446E-02 0.000E+OO 8.119E-02 7.842E+O0
1.500E+02 1.631E+O0 0.000E+OO 9.350E+O0 1.379E+O0 8.960E-02 1.61OE-O2 0.000E+OO 9.087E-02 7.725E+O0

74184 = TARGET 1000Z+A (if A.O then elemental)
1001 = PROJECTILE 1000Z+A
Aver. lab emission energies for A<5 ejectiles in MeV:
Energy neutron proton deuteron triton hel ium3 alpha g—

3.000E+OO 4.682E-01 8.911E-05 0.000E+OO 0.000E+OO 0.000E+OO 9.511E+O0 3.419E-01
4.000E+OO 8.397E-01 3.658E+O0 0.000E+OO 0.000E+OO 0.000E+OO 1.047E+01 4.571E-01
5.000E+OO 1.026E+O0 4.621E+O0 0.000E+OO 0.000E+OO 0.000E+OO 1.108E+O1 6.590E-01
6.000E+OO 1.097E+O0 5.689E+O0 0.000E+OO 0.000E+OO 0.000E+OO 1.21OE+O1 8.384E-01
7.000E+OO 1.3.20E+O0 6.682E+O0 0.000E+OO 0.000E+OO 0.000E+OO 1.279E+01 9.975E-01
8.000E+OO 1.170E+O0 7.671E+O0 2.733E+O0 0.000E+OO 0.000E+OO 1.362E+01 1.135E+O0
9.000E+OO 1.240E+O0 8.648E+O0 3.592E+O0 3.711k+O0 0.000E+OO 1.441E+01 1.223E+O0
1.000E+O1 1.090E+O0 9.608E+O0 4.536E+O0 4.531E+O0 0.000E+OO 1.518E+01 1.094E+O0
1.1OOE+O1 1.144E+O0 1.055E+01 5.225E+O0 5.057E+O0 0.000E+OO 1.598E+01 7.907E-01
1.200E+01 1.267E+O0 1.143E+01 5.986E+O0 5.749E+O0 0.000E+OO 1.672E+01 6.986E-01
1.300E+01 1.389E+O0 1.226E+01 7.032E+O0 6.794E+O0 0.000E+OO 1.740E+01 7.443E-01
1.400E+01 1.492E+O0 1.302E+01 7.946E+O0 7.525E+O0 0.000E+OO 1.802E+01 8.252E-01
1.500E+01 1.579E+O0 1.373E+01 8.792E+O0 8.301E+O0 0.000E+OO 1.859E+01 9.079E-01
1.600E+01 1.665E+O0 1.438E+01 9.562E+O0 8.995E+O0 0.000E+OO 1.912E+01 9.837E-01
1.700E+01 1.762E+O0 1.500E+01 1.031E+01 9.634E+O0 0.000E+OO 1.962E+01 1.050E+O0
1.800E+01 1.865E+O0 1.560E+01 1.105E+O1 1.024E+01 0.000E+OO 2.008E+01 1.104E+OO
1.900E+01 1.925E+O0 1.619E+01 1.177E+01 1.081E+01 0.000E+OO 2.052E+01 1.lllE+OO
2.000E+O1 1.909E+O0 1.685E+01 1.255E+01 1.131E+01 0.000E+OO 2.1OOE+O1 1.082E+O0
2.200E+01 1.989E+O0 1.789E+01 1.391E+01 1.238E+01 0.000E+OO 2.190E+01 9.193E-01
2.400E+01 2.132E+O0 1.874E+01 1.524E+01 1,341E+01 0.000E+OO 2,277’E+O1 8,523E-01

2.600E+01 2.290E+O0 1.944E+01 1.654E+01 1.442E+01 O.OOOE+OO 2.360E+01 8.908E-01
2.800E+01 2.403E+O0 2.018E+01 1.783E+01 1.542E+01 0.000E+OO 2.439E+01 9.013E-01
3.000E+O1 2.492E+O0 2.096E+01 1.911E+01 1.640E+01 0.000E+OO 2.516E+01 8.548E-01
3.500E+01 2.856E+O0 2.307E+01 2.234E+01 1.868E+01 0.000E+OO 2.696E+01 8.568E-01



pw184.la150 .xsinfo Wed Sep 30 11:59:56 1998 2

4.000E+O1 3.247E+O0 2.534E+01 2.562E+01 2.092E+01 0.000E+OO 2.846E+01 9.348E-01
4.500E+01 3.576E+O0 2.777E+01 2.888E+01 2.315E+01 0.000E+OO 2.983E+01 9.077E-01
5.000E+O1 3.883E+O0 3.012E+01 3.209E+01 2.537E+01 0.000E+OO 3.105E+O1 8.824E-01
5.500E+01 4.169E+O0 3.247E+01 3.523E+01 2.755E+01 0.000E+OO 3.193E+01 8.838E-01
6.000E+O1 4.452E+O0 3.476E+01 3.792E+01 2.967E+01 0.000E+OO 3.182E+01 8.999E-01
6.500E+01 4.726E+O0 3.699E+01 4.099E+01 3.175E+01 0.000E+OO 3.182E+01 9.062E-01
7.000E+O1 5.00IE+OO 3.926E+01 4.453E+01 3.360E+01 0.000E+OO 3.175E+01 1.161E+00
7.500E+01 5.150E+O0 4.137E+01 4.753E+01 3.519E+01 0.000E+OO 3.126E+01 1.168E+O0
8.000E+O1 5.294E+O0 4.348E+01 5.050E+01 3.648E+01 0.000E+OO 3.060E+01 1.173E+O0
8.500E+01 5.460E+O0 4.554E+01 5.345E+01 3.751E+01 0.000E+OO 3.002E+01 1.171E+O0
9.000E+O1 5.633E+O0 4.755E+01 5.636E+01 3.816E+01 0.000E+OO 2.938E+01 1.184E+O0
9.500E+01 5.799E+O0 4.943E+01 5.923E+01 3.853E+01 0.000E+OO 2.884E+01 1.179E+O0
1.000E+02 5.957E+O0 5.136E+01 6.204E+01 3.852E+01 0.000E+OO 2.828E+01 1.184E+O0
1.1OOE+O2 6.274E+O0 5.523E+01 6.685S?+01 3.776E+01 0.000E+OO 2.738E+01 1.202E+O0
1.200E+02 6.592E+O0 5.880E+01 7.196E+01 3.616E+01 0.000E+OO 2.642E+01 1.21OE+OO
1.300E+02 6.915E+O0 6.215E+01 7.667E+01 3.41OE+O1 0.000E+OO 2.522E+01 1.234E+O0
1.400E+02 7.237E+O0 6.529E+01 8.094E+01 3.190E+01 0.000E+OO 2.500E+01 1.212E+O0
1.500E+02 7.563E+O0 6.826E+01 8.466E+01 2.978E+01 0.000E+OO 2.464E+01 1.219E+O0
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EVALUATION OF p 4 186W CROSS SECTIONS FOR THE ENERGY
RANGE 2 Co 150 MeV

M. B. Chadwick andP. G. Young
17 october 1996

This evaluation provides a complete representation of the
nuclear data needed for. transport, damage, heating,
radioactivity, and shielding applications over the incident
neutron energy range from 2 to 150 MeV.

The evaluation utilizes MF = 3 [MT=2 and MT=5] and MF=6 [MT=2
and MT=5] to represent all reaction data. Production cross
sections and emission spectra are given for neutrons, protons,
deuterons, tritons, alpha particles, gammarays, and all
residual nuclides produced with non-negligible cross sections
(A>5) in the reaction chains. To summarize, the ENDF Sections

... . 4-L --.-! ---,-.

W-LLIL LIUL1-L,CLU

MF=3 MT= 2

MT= 5

MF=6 MT= 2

MT= 5

data are:

Integral of nuclear plus interference components
of the elastic scattering cross section

Sum of binary (n,n’) and (n,x) reactions

Elastic angular distributions given as ratios of
the differential nuclear-plus-interference to the
integrated value.

Production cross sections and energy-angle
distributions for emission neutrons, protons,
deuterons, and alphas; and angle-integrated
spectra for gamma rays and residual nuclei that
are stable against particle emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
W, n + Ta, p + Ta, and p + W reactions (Ch96a) . We use the GNASH
code system (Y092) , which utilizes Hauser-Feshbach statistical,
preequilibrium and direct-reaction theories. Coupled-channels
and spherical optical model calculations are used to obtain
particle transmission coefficients for the Hauser-Feshbach
calculations, as well as for the elastic neutron angular
distributions .

Cross sections and spectra for producing individual residual
nuclei are included for reactions that exceed a cross section of
approximately 1 nb at any energy. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A coupled-channels neutron optical model potential based on

earlier work to 100 MeV (Y090) is utilized to 80 MeV, and the
global spherical optical model potential of Madland (Ma88) is
used at higher energies. “-Forprotons, t-ne Beccetti-Greenie-e-s-
potential (Be69) is utilized below 20 MeV, and the Madland
Semmering potential (Ma88) at higher energies.” The Perey
potential (Pe63) is used for deuterons, and the Beccetti-
Greenlees potential (Be71) for tritons. The ECIS79 code (Ra72)
was used for the coupled-channels optical model calculations,
and the SCAT2 code (Be92) was utilized for the spherical optical
model calculations. Minor normalizations were made to the
reaction cross sections and transmission coefficients to produce



agreement with the (sparse) measurements for W and values
inferred from systematic of proton and neutron reaction cross
sections from measurements on other targets. The same reaction
cross sections are used for both proton- and neutron-induced
reactions on W isotopes.

A model was developed to calculate the energy distributions of
all recoil nuclei in the GNASH calculations (Ch96b) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. Note
that all other data in MT=5,MF=6 are given in the center-of-mass
system. This method of representation requires a modification of
the original ENDF-6 format, i.e., we use LCT=3 with LAW 1 to
indicate that data for the heavy recoils are in the lab system
but all other reactions are in the cm system.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85) , validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch931 . Discrete level data from-
nuclear data sheets were matched to continuum level densities
using the formulation of Ignatyuk (Ig75) and pairing and shell
parameters from the Cook (C067) analysis. Neutron and charged-
particle transmission coefficients were obtained from the
optical potentials, as discussed above. Gamma-ray transmission
coefficients were calculated using the Kopecky-Uhl model (K090) .

MT=2 elastic scattering data in MF=3 and MF=6 are based on
optical model calculations with the SCAT2 code (Be92) . We have
made use of the “nuclear-plus-interference” option in MF=6,
which corresponds to LAW=5, LTP=12, and the appropriate
integrated cross section is stored in MF=3. Note that because
of the interference effect, the tabulations in both MF=6 and
MF=3 can be negative at some energies and angles.

**************** **************** **************** ****************
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74186 = TARGET 1000Z+A (if A=O then elemental)
1001 = PROJECTILE 1000Z+A
Nonelastic, elastic, and Production cross sections for A<5 ejectiles in barns:
Energy nonel as elastic neutron proton deuteron triton helium3 alpha 9—

3.000E+O0 1.000E-20 0.000E+OO
4.000E+OO 1.689E-05 0.000E+OO
5.000E+OO 1.289E-03 0.000E+OO
6.000E+OO 3.940E-03 0.000E+OO
7.000E+OO 1.915E-02 0.000E+OO
8.000E+OO 6.458E-02 0.000E+OO
9.000E+OO 1.537E-01 0.000E+OO
1.000E+O1 2.875E-01 0.000E+OO
1.1OOE+O1 4.462E-01 0.000E+OO
1.200E+01 6.053E-01 0.000E+OO
1.300E+01 7.529E-01
1.400E+01 8.956E-01
1.500E+01 1.033E+O0
1.600E+01 1.135E+O0
1.700E+01 1.188E+O0
1.800E+01 1.221E+O0
1.900E+01 1.250E+O0
2.000E+O1 1.289E+O0
2.200E+01 1.394E+O0

0.000E+OO
0.000E+OO
0.000E+OO
0.000E+OO
0.000E+OO
0.000E+OO
0.000E+OO
0.000E+OO
0.000E+OO

1.000E-20 1.000E-20”0 .000E+O0 ‘0.000E+OO 0.000E+OO 1.000E-20 1.000E-20
1.645E-05 9.521E-13 0.000E+OO 0.000E+OO 0.000E+OO 3.831E-07 4.946E-05
1.284E-03 1.758E-09 0.000E+OO 0.000E+OO 0.000E+OO 7.398E-07 4.675E-03
3.925E-03 1.020E-06 0.000E+OO 0.000E+OO 0.000E+OO 2.887E-06 1.608E-02
1.908E-02 1.847E-05 0.000E+OO 0.000E+OO 0.000E+OO 7.533E-06 8.843E-02
7.117E-02 2.419E-04 1.432E-12 1.530E-11 0.000E+OO 1.945E-05 2.867E-01
2.381E-01 1.527E-03 1.184E-09 6.821E-09 0.000E+OO 4.690E-05 4.269E-01
5.032E-01 6.033E-03 5.992E-07 4.078E-07 0.000E+OO 1.107E-O4 6.851E-01
8.019E-01 1.644E-02 4.431E-06 2.016E-06 0.000E+OO 2.416E-04 1.170E+O0
1.094E+O0 2.858E-02 2.055E-05 1.084E-05 0.000E+OO 4.772E-04 1.827E+O0
1.358E+O0
1.608E+O0
1.845E+O0
2.022E+O0
2.204E+O0
2.453E+O0
2.683E+O0
2.865E+O0
3.221E+O0

4.276E-02 1.262E-04 4.940E-05 0.000E+OO
5.877E-02 5.237E-04 1.643E-04 0.000E+OO
7.528E-02 1.466E-03 4.118E-04 0.000E+OO
9.147E-02 2.928E-03 7.997E-04 0.000E+OO
1.069E-01 4.903E-03 1.313E-03 0.000E+OO
1.216E-01 7.242E-03 1.913E-03 0.000E+OO
1.367E-01 9.856E-03 2.581E-03 0.000E+OO
1.538E-01 1.363E-02 3.371E-03 0.000E+OO
1.853E-01 1.795E-02 4.822E-03 0.000E+OO

8.553E-04 2
1.383E-03 3
2.046E-03 4
2.798E-03 5
3.578E-03 5
4.345E-03 5
5.11OE-O3 5
5.913E-03 4
7.374E-03 5

2.400E+01 1.492E+O0 0.000E+OO 3.528E+O0
2.600E+01 1.577E+O0 0.000E+OO 3.928E+O0
2.800E+01 1.63813+00 0.000E+OO 4.349E+O0
3.0003!+01 1.681E+O0 0.000E+OO 4.643E+O0
3.500E+01 1.756E+O0 0.000E+OO 5.030E+O0
4.000E+O1 1.800E+O0 0.000E+OO 5.490E+O0
4.500E+01 1.822E+O0 0.000E+OO 5.818E+O0
5.000E+O1 1.830E+O0 0.000E+OO 6.116E+O0
5.500E+01 1.832E+O0 0.000E+OO 6.335E+O0
6.000E+O1 1.830E+O0 0.000E+OO 6.525E+O0
6.500E+01 1.826E+O0 0.000E+OO 6.718E+O0
7.000E+O1 1.819E+O0 0.000E+OO 6.943E+O0
7.500E+01 1.809E+O0 0.000E+OO 7.226E+O0
8.000E+O1 1.799E+O0 0.000E+OO 7.482E+O0
8.500E+01 1.788E+O0 0.000E+OO 7.734E+O0
9.000E+O1 1.778E+O0 0.000E+OO 7.966E+O0
9.500E+01 1.768E+O0 0.000E+OO 8.21OE+OO
1.000E+02 1.756E+O0 0.000E+OO 8.419E+O0
1.1OOE+O2 1.727E+O0 0.000E+OO 8.755E+O0
1.200E+02 1.699E+O0 0.000E+OO 9.055E+O0
1.300E+02 1.672E+O0 0.000E+OO 9.330E+O0
1.400E+02 1.648E+O0 0.000E+OO 9.590E+O0
1.500E+02 1.631E+O0 0.000E+OO 9.848E+O0

597E+O0
487E+O0
471E+O0
347E+O0
605E+O0
377E+O0
198E+O0
959E+O0
774E+O0

2.177E-01 2.394E-02 6.142E-03 0.000E+OO 8.613E-03 6.752E+O0
2.570E-01 3.00IE-02 7.347E-03 0.000E+OO 9.71OE-O3 7.248E+O0
2.958E-01 3.583E-02 8.353E-03 0.000E+OO 1.059E-02 7.464E+O0
3.383E-01 4.142E-02 9.172E-03 0.000E+OO 1.132E-02 7.884E+O0
4.547E-01 5.328E-02 1.046E-02 0.000E+OO 1.269E-02 9.306E+O0
5.650E-01 6.307E-02 1.109E-O2 0.000E+OO 1.365E-02 9.380E+O0
6.718E-01 7.069E-02 1.136E-02 0.000E+OO 1.433E-02 9.415E+O0
7.644E-01 7.657!3-02 1.140E-02 0.000E+OO 1.488E-02 8.897E+O0
8.458E-01 8.149E-02 1.131E-02 0.000E+OO 1.540E-02 9.357E+O0
9.180E-01 8.536E-02 1.115E-02 0.000E+OO 1.591E-02 9.741E+O0
9.814E-01 8.857E-02 1.094E-02 0.000E+OO 1.647E-02 9.891E+O0
1.015E+O0 8.933E-02 1.058E-02 0.000E+OO 1.757E-02 7.722E+O0
1.046E+O0 9-024E-02 1.029E-02 0.000E+OO 1.889E-02 7.918E+O0
1.072E+O0 9.087E-02 1.008E-02 0.000E+OO 2.085E-02 8.O1OE+OO
1.096E+O0 9.143E-02 9.964E-03 0.000E+OO 2.337E-02 8.122E+O0
1.120E+O0 9.208E-02 9.933E-03 0.000E+OO 2.599E-02 8.lllE+OO
1.141E+O0 9.256E-02 9.996E-03 0.000E+OO 2.887E-02 8.127E+O0
1.162E+O0 9.318E-02 1.013E-02 0.000E+OO 3.173E-02 8.049E+O0
1.196E+O0 9.31SE-02 1.060E-02 0.000E+OO 3.785E-02 7.992E+O0
1.226E+O0 9.277E-02 1.137E-02 0.000E+OO 4.445E-02 7.747E+O0
1.254E+O0 9.202E-02 1.244E-02 0.000E+OO 5.159E-02 7.662E+O0
1.283E+O0 9.095E-02 1.374E-02 0.000E+OO 5.954E-02 7.546E+O0
1.315E+O0 8.981E-02 1.528E-02 0.000E+OO 6.829E-02 7.61OE+OO

74186 = TARGET 1000Z+A (if A.O then elemental)
1001 = PROJECTILE 1000z+A
Aver. lab emission energies for A<5 ejectiles in MeV:
Energy neutron proton deuteron triton helium3 alpha ganusa

3.000E+OO 1.232E+O0 8.721E-05 0.000E+OO 0.000E+OO 0.000E+OO 9.447E+O0 3.132E-01
4.000E+OO 1.062E+O0 3.586E+O0 0.000E+OO 0.000E+OO 0.000E+OO 1.049E+01 5.330E-01
5.000E+OO 1.159E+O0 4.536E+O0 0.000E+OO 0.000E+OO 0.000E+OO 1.115E+01 7.00IE-01
6.000E+OO 1.198E+O0 5.71OE+OO 0.000E+OO 0.000E+OO 0.000E+OO 1.217E+01 8.597E-01
7.000E+OO 1.218E+O0 6.699E+O0 0.000E+OO 0.000E+OO 0.000E+OO 1.284E+01 9.765E-01
8.000E+OO 1.168E+O0 7.682E+O0 2.565E+O0 3.338E+O0 0.000E+OO 1.371E+01 1.077E+00
9.000E+OO 1.057E+O0 8.657E+O0 3.601E+O0 4.051E+O0 0.000E+OO 1.451E+01 9.112E-01
1.000E+O1 1.155E+O0 9.619E+O0 4.611E+O0 4.742E+O0 0.000E+OO 1.530E+01 7.055E-01
1.IOOE+O1 1.278E+O0 1.056E+01 5.329E+O0 5.337E+O0 0.000E+OO 1.609E+01 6.947E-01
1.200E+01 1.379E+O0 1.146E+01 6.294E+O0 6.375E+O0 0.000E+OO 1.682E+01 7.747E-01
1.300E+01 1.463E+O0 1.230E+01 7.275E+O0 7.238E+O0 0.000E+OO 1.750E+01 8.649E-01
1.400E+01 1.547E+O0 1.308E+01 8.164E+O0 8.033E+O0 0.000E+OO 1.812E+01 9.379E-01
1.500E+01 1.640E+O0 1.380E+01 8.985E+O0 8.747E+O0 0.000E+OO 1.869E+01 1.000E+OO
1.600E+01 1.740E+O0 1.446E+01 9.732E+O0 9.384E+O0 0.000E+OO 1.922E+01 1.040E+O0
1.700E+01 1.779E+O0 1.51OE+O1 1.048E+01 9.985E+O0 0.000E+OO 1.973E+01 1.021E+O0
1.800E+01 1.779E+O0 1.572E+01 1.121E+01 1.056E+01 0.000E+OO 2.023E+01 9.183E-01
1.900E+01 1.81OE+OO 1.631E+01 1.193E+01 1.lllE+O1 0.000E+OO 2.071E+01 7.989E-01
2.000E+O1 1.869E+O0 1.699E+01 1.273E+01 1.169E+01 0.000E+OO 2.119E+01 8.545E-01
2.200E+01 2.033E+O0 1.805E+01 1.387E+01 1.274E+01 0.000E+OO 2.212E+01 8.437E-01

2.400E+01 2,186E+O0 1.880E+01 1,520E+01 1.376E+01 0.000E+OO 2.302E+01 9.046E-01
2.600E+01 2.286E+O0 1.963E+01 1.651E+01 1.477E+01 0.000E+OO 2.390E+01 9.025E-01
2.800E+01 2.376E+O0 2.038E+01 1.780E+01 1.576E+01 0.000E+OO 2.476E+01 8.445E-01
3.000E+O1 2.503E+O0 2.115E+01 1.909E+01 1.672E+01 0.000E+OO 2.561E+01 8.141E-01
3.500E+01 2.899E+O0 2.327E+01 2.229E+01 1.899E+01 0.000E+OO 2.762E+01 8.928E-01
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4.000E+O1 3.201E+O0 2.556E+01 2.560E+01 2.124E+01 0.00073+00
4.500E+01 3.519E+O0 2.800E+01 2.890E+01 2.349E+01 0.000E+OO
.5.000E+O1 3.801E+O0 3.038E+01 3.213E+01 2.573E+01 0.000E+OO
5.500E+01 4.088E+O0 3.275E+01 3.533E+01 2.795E+01 0.000E+OO
6.000E+O1 4.369E+O0 3.507E+01 3.845E+01 3.012E+01 0.000E+OO
6.500E+01 4.631E+O0 3.732E+01 4.153E+01 3.226E+01 0.000E+OO
7.000E+O1 4.849E+O0 3.964E+01 4.454E+01 3.415E+01 0.000E+OO
7.500E+01 5.004E+O0 4.178E+01 4.758E+01 3.587E+01 0.000E+OO
8.000E+O1 5.164E+O0 4.395E+01 5.058E+01 3.734E+01 0.000E+OO
8.500E+01 5.318E+O0 4.609E+01 5.356E+01 3.853E+01 0.000E+OO
9.000E+O1 5.480E+O0 4.819E+01 5.651E+01 3.944E+01 0.000E+OO
9.500E+01 5.627E+O0 5.018E+01 5.942E+01 3.997E+01 0.000E+OO
1.000E+02 5.782E+O0 5.222E+01 6.235E+01 4.022E+01 0.000E+OO
1.1OOE+O2 6.084E+O0 5.631E+01 6.789E+01 3.975E+01 0.000E+OO
1.200E+02 6.390E+O0 6.020E+01 7.31OE+O1 3.826E+01 0.000E+OO
1.300E+02 6.698E+O0 6.386E+01 7.794E+01 3.614E+01 0.000E+OO
1.400E+02 7.012E+O0 6.728E+01 8.239E+01 3.379E+01 0.000E+OO
1.500E+02 7.335E+O0 7.055E+01 8.650E+01 3.145E+01 0.000E+OO

2.950E+01 8.622E-01
3.127E+01 8.435E-01
3.291E+01 8.642E-01
3.439E+01 8.690E-01
3.571E+OI 8.727E-01
3.682E+01 8.741E-01
3.677E+01 1.142E+O0
3.644E+01 1.131E+O0
3.541E+01 1.129E+O0
3.405E+01 1.131E+O0
3.291E+01 1.131E+O0
3.187E+01 1.131E+O0
3.102E+O1 1.133E+O0
2.952E+01 1.138E+O0
2.837E+01 1.153E+O0
2.743E+01 1.161E+O0
2.658E+01 1.169E+O0
2.586E+01 1.180E+O0



r2-

C
0.-
-G
J!

104

103

102

101

103

102

10

10°

p+ 186Wnonelastic and production cross sections

I I J,.* I I
... ................
. Y.*..*.....

(
............

———— —- P---— -
/-

-
0

0
/

/

i,tt,,,,,,,,,,,,,,i

: /- -e---- ------ ------ ----- d. 44
:/ / .6 ””-...* u~o.-.: , ,/’0 d“”4“”0“”. d“”d“”./,/ ..0””0“” t.o-..-.*- .- .-*-

: I ‘ “O;””=
.0. -.m*-.-*-. O.-.-.-*- ●-*-.--. ●---

:1
;1[/

. .

1 /“/”
$’”/“.

I 1 I I I I I I I I I I I I I

50 100 150
Incident Energy (MeV)



p+ 186Wangle-integrated emission spectra



p+ 186WKalbach preequilibrium ratios
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EVALUATION OF p + 206Pb CROSS SECTIONS FOR THE ENERGY
RANGE 1.OE-11 to 150 MeV

M. B. Chadwick, P. G. Young, and A. J. Koning
21 October 1996

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
neutron energy range from 1.OE-11 to 150 MeV.

The evaluation utilizes MF = 3 [MT=2 and MT=5] and MF=6 [MT=2
and MT=5] to represent all reaction data. Production cross
sections and emission spectra are given for neutrons, protons,
deuterons, tritons, alpha particles, gamma rays, and all
residual nuclides produced with non-negligible cross sections
(A>5) in the reaction chains. TO summarize, the ENDF sections
with non-zero data are:

MF=3 MT=

MT=

MF=6 MT=

MT=

2 Integral of nuclear plus interference components
of the elastic scattering cross section

5 Sum of binary (n,n’) and (n,x) reactions

2 Elastic angular distributions given as ratios of
the differential nuclear-plus-interference to the
integrated value.

5 Production cross sections and energy-angle
distributions for emission neutrons, protons,
deuterons, and alphas; and angle-integrated
spectra for gamma rays and residual nuclei that
are stable against particle emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
Pb and p + Pb208 reactions, (Ch96a) . We use the GNASH code system
(Y092) , which utilizes Hauser-Feshbach statistical, preequi-
librium and direct-reaction theories. Coupled-channel and
spherical optical model calculations are used to obtain particle
transmission coefficients for the Hauser-Feshbach calculations,
as well as for the elastic neutron angular distributions.

Cross sections and’spectra for producing individual residual
nuclei are included for “reactions that exceed a cross section of
approximately 1 nb at any energy. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A model was developed to calculate the energy distributions of

all recoil nuclei in the GNASH calculations (Ch96b) . The, recoil
energy distributions are represented in the laboratory system in
~,q.~~ ~.l‘KF+, and are ~L-V~ZLa= i~~~re~ie i= th%kk-a’*+L. N~t+-

-4 ----

that’all other data in MT=5,MF=6 are given in the center-of-mass
system. This method of representation requires a modification of
the original ENDF-6 format.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Raa5) , validated by comparison with calculations using Feshbach,
Ke rman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities



using the formulation of Ignatyuk (Ig75) and pairing and shell
parameters from the Cook (C067) analysis. Neutron and charged-
particle transmission coefficients were obtained from the
optical potentials, as discussed below. Gamma-ray transmission
coefficients were calculated using the Kopecky-Uhl model (K090) .

MT=2 elastic scattering data in MF=3 and MF=6 are based on
optical model cal.culations with the SCAT2 code (Be92) . We have
made use of the “nuclear-plus-interference” option in MF=6,
which corresponds to LAW=5, LTP=12, and the appropriate
integrated cross section is stored in MF=3. Note that because
of the interference .effect, the tabulations in both MF=6 and
MF=3 can be negative at some energies and angles.

*************** *************** *************** *************** ****
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82206 = TARGET 1000Z+A (if A=O then elemental)
1001 = PROJECTILE 1000Z+A

Nonelastic, elastic, and Production cross sections for A<5 ejectiles in barns:
Energy nonelas elastic neutron proton deuteron tritcm helium3 alpha galmna

4.000E+OO 1.000E-20 0.000E+OO 0.000E+OO 1.000E-20 0.000E+OO 0.000E+OO 0.000E+OO 1.000E-20 1.000E-20
5.000E+OO 5.125E-04 0.000E+OO 4.884E-04 2.694E-07 0.000E+OO 0.000E+OO 0.000E+OO 5.386E-08 9.740E-04
6.000E+OO 1.524E-03 0.000E+OO 1.517E-03 8.666E-07 0.000E+OO 0.000E+OO 0.000E+OO 7.129E-08 3.935E-03
7.000E+OO 1.104E-O2 0.000E+OO 1.1OOE-O2 6.818E-06 0.000E+OO 0.000E+OO 0.000E+OO 5.lllE-07 3.150E-02
8.000E+OO 3.672E-02 0.000E+OO 3.657E-02 3.801E-05 1.931E-08 0.000E+OO 0.000E+OO 3.315E-06 1.191E-01
9.000E+OO 9.41OE-O2 0.000E+OO 9.366E-02 1.525E-04 1.588E-08 0.000E+OO 0.000E+OO 1.479E-05 3.260E-01
1.000E+O1 2.107E-O1 0.000E+OO 2.097E-01 4.003E-04 1.657E-08 2.555E-08 0.000E+OO 4.752E-05 7.697E-01
1.1OOE+O1 3.644E-01 0.000E+OO 3.626E-01 8.180E-04 2.750E-07 3.426E-08 0.000E+OO 9.547E-05 1.397E+O0
1.200E+01 5.192E-01 0.000E+OO 5.360E-01 1.634E-03 1.065E-06 1.084E-07 0.000E+OO 1.735E-04 1.998E+O0
1.300E+01 6.749E-01 0.000E+OO 9.313E-01 3.880E-03 6.967E-06 3.803E-07 0.000E+OO 2.879E-04 1.706E+O0
1.400E+01 8.304E-01 0.000E+OO 1.402E+O0 7.703E-03 4.707E-05 1.997E-06 0.000E+OO 4.182E-04 1.332s+00
1.500E+01 9.732E-01 0.000E+OO 1.786E+O0 1.247E-02 2.295E-04 1.096E-05 0.000E+OO 6.084E-04 1.455E+O0
1.600E+01 1.097E+O0 0.000E+OO 2.073E+O0 1.882E-02 7.243E-04 4.771E-05 0.000E+OO 8.890E-04 1.889E+O0
1.700E+01 1.211E+O0 0.000E+OO 2.305E+O0 2.663E-02 1.652E-03 1.442E-04 0.000E+OO 1.271E-03 2.541E+O0
1.800E+01 1.312E+O0 0.000E+OO 2.496E+O0 3.591E-02 3.090E-03 3.254E-04 0.000E+OO 1.748E-03 3.268E+O0
1.900E+01 1.403E+O0 0.000E+OO 2.658E+O0 4.670E-02 4.968E-03 6.004E-04 0.000E+OO 2.308E-03 4.024E+O0
2.000E+O1 1.485E+O0 0.000E+OO 2.793E+O0 5.988E-02 7.356E-03 9.943E-04 0.000E+OO 2.942E-03 4.764E+O0
2.200E+01 1.619E+O0 0.000E+OO 3.151E+O0 8.747E-02 1.252E-02 1.911E-03 0.000E+OO 4.357E-03 5.819E+O0
2.400E+01 1.724E+O0 0.000E+OO 3.889E+O0 1.201E-01 1.807E-02 2.943E-03 0.000E+OO 5.722E-03 5.460E+O0
2.600E+01 1.809E+O0 0.000E+OO 4.450E+O0 1.586E-01 2.379E-02 3.991E-03 0.000E+OO 7.046E-03 5.514E+O0
2.800E+01 1.881E+O0 0.000E+OO 4.738E+O0 2.049E-01 2.961E-02 4.990E-03 0.000E+OO 8.306E-03 6.308E+O0
3.000E+O1 1.939E+O0 0.000E+OO 4.918E+O0 2.581E-01 3.455E-02 5.901E-03 0.000E+OO 9.462E-03 7.219E+O0
3.500E+01 2.033E+O0 0.000E+OO 5.677E+O0 4.173E-01 4.837E-02 7.616E-03 0.000E+OO 1.189E-02 7.054E+O0
4.000E+O1 2.081E+O0 0.000E+OO 6.004E+O0 5.937E-01 6.064E-02 8.707E-03 0.000E+OO 1.367E-02 8.138E+O0
4.500E+01 2.091E+O0 0.000E+OO 6.361E+O0 7.113E-01 6.885E-02 9.385E-03 0.000E+OO 1.528E-02 8.686E+O0
5.000E+O1 2.071E+O0 0.000E+OO 6.666E+O0 8.082E-01 7.523E-02 9.796E-03 0.000E+OO 1.647E-02 8.949E+O0
5.500E+01 2.023E+O0 0.000E+OO 6.789E+O0 8.809E-01 8.008E-02 1.002E-02 0.000E+OO 1.741E-02 9.072E+O0
6.000E+O1 2.008E+O0 0.000E+OO 7.071E+O0 9.528E-01 8.453E-02 1.017E-02 0.000E+OO 1.852E-02 9.054E+O0
6.500E+01 1.991E+O0 0.000E+OO 7.298E+O0 1.018E+O0 8.651E-02 1.023E-02 0.000E+OO 1.965E-02 9.185E+O0
7.000E+O1 1.973E+O0 0.000E+OO 7.457E+O0 1.075E+O0 9.005E-02 1.025E-02 0.000E+OO 2.077E-02 8.251E+O0
7.500E+01 1.954E+O0 0.000E+OO 7.653E+O0 1.130E+O0 9.276E-02 1.022E-02 0.000E+OO 2.182E-02 8.141E+O0
8.000E+O1 1.934E+O0 0.000E+OO 7.806E+O0 1.185E+O0 9.521E-02 1.020E-02 0.000E+OO 2.290E-02 8.250E+O0
8.500E+01 1.911E+O0 0.000E+OO 7.945E+O0 1.227E+O0 9.676E-02 1.016E-02 0.000E+OO 3.444E-02 8.291E+O0
9.000E+O1 1.888E+O0 0.000E+OO 8.064E+O0 1.259E+O0 9.838E-02 1.O1OE-O2 0.000E+OO 3.931E-02 8.277E+O0
9.500E+01 1.865E+O0 0.000E+OO 8.175E+O0 1.285E+O0 9.968E-02 1.005E-02 0.000E+OO 2.773E-02 8.256E+O0
1.000E+02 1.842E+O0 0.000E+OO 8.278E+O0 1.309E+O0 1.006E-01 9.990E-03 0.000E+OO 3.101E-O2 8.176E+O0
1.1OOE+O2 1.798E+O0 0.000E+OO 8.496E+O0 1.345E+O0 1.O1lE-01 9.942E-03 0.000E+OO 5.582E-02 7.885E+O0
1.2003!+02 1.759E+O0 0.000E+OO 8.809E+O0 1.363E+O0 9.962E-02 1.025E-02 0.000E+OO 7.820E-02 7.775E+O0
1.300E+02 1.728E+O0 0.000E+OO 9.103E+OO 1.383E+O0 9.780E-02 1.081E-02 0.000E+OO 1.079E-01 7.689E+O0
1.400E+02 1.704E+O0 0.000E+OO 9.399E+O0 1.407E+O0 9.583E-02 1.161E-02 0.000E+-00 1.337E-01 7.583E+O0
1.500E+02 1.688E+O0 0.000E+OO 9.705E+O0 1.439E+O0 9.381E-02 1.266E-02 0.000E+OO 1.487E-01 7.637E+O0

82206 = TARGET 1000Z+A (if A=O then elemental)
1001 = PROJECTILE 1000Z+A
Aver. lab emission energies for A<5 ejectiles in MeV:
Energy neutron proton deuteron triton helium3 alpha ganlma

4.000E+OO 0.000E+OO 3.191E+O0 0.000E+OO 0.000E+OO 0.000E+OO 1.043E+01 3.663E+O0
5.000E+OO 2.290E-01 4.142E+O0 0.000E+OO 0.000E+OO 0.000E+OO 1.086E+01 2.875E-01
6.000E+OO 8.766E-01 4.937E+O0 0.000E+OO 0.000E+OO 0.000E+OO 1.168E+01 2.799E-01
7.000E+OO 1.370E+O0 5.533E+O0 0.000E+OO 0.000E+OO 0.000E+OO 1.239E+01 4.253E-01
8.000E+OO 1.588E+O0 6.514E+O0 1.990E+O0 0.000E+OO 0.000E+OO 1.325E+01 6.135E-01
9.000E+OO 1.630E+O0 7.342E+O0 2.984E+O0 0.000E+OO 0.000E+OO 1.402E+01 8.482E-01
1.000E+O1 1.670E+O0 8.038E+O0 3.974E+O0 3.468E+O0 0.000E+OO 1.454E+01 1.065E+O0
1.1OOE+O1 1.640E+O0 8.604E+O0 4.737E+O0 4.448E+O0 0.000E+OO 1.500E+01 1.282E+O0
1.200E+01 1.561E+O0 8.978E+O0 5.402E+O0 5.003E+O0 0.000E+OO 1.545E+01 1.468E+O0
1.300E+01 1.302E+O0 9.035E+O0 6.506E+O0 5.461E+O0 0.000E+OO 1.609E+01 1.536E+O0
1.400E+01 1.268E+O0 9.869E+O0 7.456E+O0 6.558E+O0 0.000E+OO 1.707E+01 1.393E+O0
1.500E+01 1.366E+O0 1.081E+01 8.356E+O0 7.492E+O0 0.000E+OO 1.789E+01 1.166E+O0
1.600E+01 1.493E+O0 1.156E+01 9.169E+O0 8.322E+O0 0.000E+OO 1.858E+01 1.138E+O0
i.7W3X*Oi- i-.598E%00-i-.Z2*E=Oi-5-:554E*O6--5-:Ol9E*O6-6-;C60E~O6 ‘i-.92tE*Oi- i.23?E*OG
1.800E+01 1.685E+O0 1.286E+01 1.073E+01 9.684E+O0 0.000E+OO 1.971jE+Ol 1.31OE+OO
1.900E+01 1.753E+O0 1.346E+01 1.148E+01 1.033E+01 0.000E+OO 2.031E+01 1.417E+O0
2.000E+O1 1.811E+O0 1.411E+01 1.224E+01 1.094E+01 0.000E+OO 2.080E+01 1.558E+O0
2.200E+01 1.886E+O0 1.482E+01 1.365E+01 1.21OE+O1 0.000E+OO 2.157E+01 1.622E+O0
2.400E+01 1.887E+O0 1.576E+01 1.502E+01 1.318E+01 0.000E+OO 2.249E+01 1.350E+O0
2.600E+01 1.974E+O0 1.665E+01 1.631E+01 1.421E+01 0.000E+OO 2.336E+01 1.144E+O0
2.800E+01 2.101E+OO 1.752E+01 1.763E+01 1.522E+01 0.000E+OO 2.416E+01 1.181E+O0

3.000E+O1 2.244E+O0 1.839E+01 1.881E+01 1.621E+01 0.000E+OO 2.493E+01 1.2863!+00
3.500E+01 2.521E+O0 2.059E+01 2.204E+01 1.852E+01 0.000E+OO 2.673E+01 1.298E+O0
4.000E+O1 2.936E+O0 2.291E+01 2.530E+01 2.075E+01 0.000E+OO 2.847E+01 1.261E+O0
4.500E+01 3.230E+O0 2.517E+01 2.858E+01 2.296E+01 0.000E+OO 2.986E+01 1.238E+O0
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5.000E+O1 3.504E+O0
5.500E+01 3.791E+O0
6.000E+O1 4.037E+O0
6.500E+01 4.297E+O0
7.000E+O1 4.573E+O0
7.500E+01 4.817E+O0
8.000E+O1 5.065E+O0
8.500E+01 5.301E+O0
9.000E+O1 5.533E+O0
9.500E+01 5.757E+O0
1.000E+02 5.975E+O0
1.1OOE+O2 6.375E+O0
1.200E+02 6.673E+O0
1.300E+02 6.978E+O0
1.400E+02 7.285E+O0
1.500E+02 7.595E+O0

2.742E+01 3.179E+01 2.514E+01 0.000E+OO 3.126E+01 1.143E+O0
2.962E+01 3.494E+01 2.727E+01 0.000E+OO 3.244E+01 1.148E+O0
3.164E+01 3.804E+01 2.930E+01 0.000E+OO 3.347E+01 1.141E+O0
3.357E+01 4.077E+01 3.125E+01 0.000E+OO 3.428E+01 1.148E+O0
3.550E+01 4.383E+01 3.306E+01 0.000E+OO 3.494E+01 1.264E+O0
3.728E+01 4.683E+01 3.480E+01 O.OOOE+OO 3.542E+01 1.267E+O0
3.890E+01 4.981E+01 3.646E+01 0.000E+OO 3.569E+01 1.266E+O0
4.072E+01 5.268E+01 3.799E+01 0.000E+OO 2.675E+01 1.264E+O0
4.267E+01 5.564E+01 3.941E+01 0.000E+OO 2.503E+01 1.272E+O0
4.468E+01 5.857E+01 4.069E+01 0.000E+OO 3.418E+01 1.271E+O0
4.661E+01 6.146E+01 4.182E+01 0.000E+OO 3.221E+01 1.267E+O0
5.038E+01 6,707E+01 4.328E+01 O.OOOE+OO 2.199E+01 1.283E+O0
5.398E+01 7.232E+01 4.272E+01 0.000E+OO 1.913E+01 1.289E+O0
5.751E+01 7.720E+01 4.117E+01 0.000E+OO 1.659E+01 1.291E+O0
6.093E+01 8.179E+01 3.898E+01 0.000E+OO 1.568E+01 1.281E+O0
6.418E+01 8.602E+01 3.648E+01 0.000E+OO 1.584E+01 1.282E+O0
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p +206Pb angle-integrated emission spectra
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EVALUATION OF p + 207Pb CROSS SECTIONS FOR THE ENERGY
RANGE 1.OE-11 to 150 MeV

M. B. Chadwick, P. G. Young, and A. J. Koning
21 October 1996

This evaluation provides a complete representation of the
nuclear data needed four transport, damage, heating,
radioactivity, and shielding applications over the incident
neutron energy range from 1.OE-11 to 150 MeV.

The evaluation utilizes MF = 3 [MT=2 and MT=5] and MF=6 [MT=2
and MT=5] to represent all ,reaction data. Production cross
sections and emission spectra are given for neutrons, protons,
deuterons, tritons, alpha particles, gamma rays, and all
residual nuclides produced with non-negligible cross sections
(A>5) in the reaction chains. To summarize, the ENDF sections

, .
with non–zero

MF=3 MT= 2

MT= 5

MF=6 MT= 2

MT= 5

data are:

Integral of nuclear plus interference components
of the elastic scattering cross section

Sum of binary (n,n’) and (n,x) reactions

Elastic angular distributions given as ratios of
the differential nuclear-plus-interference to the
integrated value.

Production cross sections and energy-angle
distributions for emission neutrons, protons,
deuterons, and alphas; and angle-integrated
spectra for gamma rays and residual nuclei that
are stable against particle emission

The evaluation is based on nuclear model calculations that
‘ have been benchmarked. to experimental data, especially for n +
Pb and p + Pb208 reactions (Ch96a) . We use the GNASH code system
(Y092) , which utilizes Hauser-Feshbach statistical, preequi-
librium and direct-reaction theories. Coupled-channel and
spherical optical model calculations are used to obtain particle
transmission coefficients for the Hauser-Feshbach calculations,
as well as for the elastic neutron angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions that exceed a cross section of
approximately 1 nb at any energy. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A model was developed to calculate the energy distributions of

all recoil nuclei in the GNASH calculations (Ch96b) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF.6, and are given as isotropic in the lab system. Note
that all other data in MT=5,MF.6 are given in the center-of-mass
system. This method of representation requires a modification of
the original ENDF-6 format.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85), validated by comparison with calculations using Feshbach,
Kerman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities



using the formulation of Ignatyuk (Ig75) and pairing and shell
parameters from the Cook (C067) analysis. Neutron and charged-
particle transmission coefficients were obtained from the
optical potentials, as discussed below. Gamma-ray transmission
coefficients were calculated using the Kopecky-Uhl model (K090) .

MT=2 elastic scattering data in MF=3 and MF=6 are based on
optical model calculations with the SCAT2 code (Be92) . We have
made use of the “nuclear-plus-interference” option in MF=6,
which corresponds to LAW=5, LTP=12, and the appropriate
integrated cross section is stored in MF=3. Note that because
of the interference effect, the tabulations in both MF=6 and
MF=3 can be negative .at some. energies and angles.

***************** ***************** ***************** *************
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82207 = TARGET 1000Z+A (if A=O then elemental)
1001 = PROJECTILE 1000Z+A
Nonelastic, elastic, and Production cross sections for AsS ejectil.as in barns:
Energy nonelas elastic neutron proton deuteron triton helium3 alpha 9—

4.000E+OO 1.000E-20 0.000E+OO 1.000E-20 1.000E-20 O.OOOE+OO-” O.OOOE+OO 0.000E+OO 1.000E-20” 1.000E-20
5.000E+OO 5.166E-04 0.000s+00 5.149E-04 6.437E-08 0.000E+OO 0.000E+OO 0.000E+OO 1.344E-08 5.635E-04
6.000E+OO 1.524E-03 0.000E+OO 1.522E-03 3.739E-07 0.000E+OO 0.000E+OO 0.000E+OO 4.905E-08 2.552E-03
7.000E+OO 1.104E-O2 0.000E+OO 1.103E-O2 2.076E-06 7.138E-15 0.000E+OO 0.000E+OO 5.045E-07 2.180E-02
8.000E+OO 3.672E-02 0.000E+OO 3.666E-02 1.855E-05 1.443E-11 0.000E+OO 0.000E+OO 3.009E-06 8.462E-02
9.000E+OO 9.411E-02 0.000E+OO 9.391E-02 6.931E-05 1.478E-08 0.000E+OO 0.000E+OO 1.660E-05 2.390E-01
I.000E+O1 2.107E-O1 0.000E+OO 2.102E-O1 2.053E-04 4.621E-07 2.303E-08 0.000E+OO 4.894E-05 5.773E-01
1.1OOE+O1 3.644E-01 0.000E+OO 3.633E-01 6.638E-04 1.704E-06 5.244E-08 0.000E+OO 1.177E-04 1.071E+O0
1.200E+01 5.192E-01 0.000E+OO 5.825E-01 3.402E-03 1.456E-05 2.049E-07 0.000E+OO 2.696E-04 1.495E+O0
1.300E+01 6.749E-01 0.000E+OO 1.016E+O0 5.026E-03 8.751E-05 5.043E-07 0.000E+OO 3.634E-04 1.630E+O0
1.400E+01 8.304E-01 0.000E+OO 1.450E+O0 7.924E-03 3.838E-04 2.482E-06 0.000E+OO 4.571E-04 1.867E+O0
1.500E+01 9.732E-01 0.000E+OO 1.804E+O0 1.297E-02 1.066E-03 1.251E-05 0.000E+OO 6.108E-O4 2.282E+O0
1.600E+01 1.097E+O0 0.000E+OO 2.073E+O0 2.008E-02 2.241E-03 5.044E-05 0.000E+OO 8.544E-04 2.817E+O0
1.700E+01 1.211E+O0 0.000E+OO 2.294E+O0 2.903E-02 3.996E-03 1.489E-04 0.000E+OO 1.21OE-O3 3.411E+O0
1.800E+01 1.312E+O0 0.000E+OO 2.478E+O0 3.960E-02 6.193E-03 3.279E-04 0.000E+OO 1.662E-03 4.020E+O0
1.900E+01 1.403E+O0 0.000E+OO 2.639E+O0 5.161E-02 8.760E-03 6.021E-04 0.000E+OO 2.190E-03 4.625E+O0
2.000E+O1 1.485E+O0 0.000E+OO 2.871E+O0 6.449E-02 1.092E-02 9.906E-04 0.000E+OO 2.758E-03 4.784E+O0
2.200E+01 1.619E+O0 0.000E+OO 3.604E+O0 9.459E-02 1.672E-02 1.900E-03 0.000E+OO 4.015E-03 4.191E+O0
2.400E+01 1.724E+O0 0.000E+OO 4.226E+O0 1.291E-01 2.248E-02 2.934E-03 0.000E+OO 5.272E-03 4.211E+O0
2.600E+01 1.809E+O0 0.000E+OO 4.572E+O0 1.690E-01 2.849E-02 3.989E-03 0.000E+OO 6.487E-03 5.199E+O0
2.800E+01 1.881E+O0 0.000E+OO 4.763E+O0 2.164E-01 3.451E-02 4.995E-03 0.000E+OO 7.652E-03 6.481E+O0
3.000E+O1 1.939E+O0 0.000E+OO 4.960E+O0 2.708E-01 4.046E-02 5.917E-03 0.000E+OO 8.760E-03 7.424E+O0
3.500E+01 2.033E+O0 0.000E+OO 5.807E+O0 4.297E-01 5.426E-02 7.648E-03 0.000E+OO 1.102E-O2 7.379E+O0
4.000E+O1 2.081E+O0 0.000E+OO 6.066E+O0 6.036E-01 6.625E-02 8.742E-03 0.000E+OO 1.265E-02 8.278E+O0
4.500E+01 2.091E+O0 0.000E+OO 6.507E+O0 7.190E-01 7.411E-02 9.419E-03 0.000E+OO 1.406E-02 8.275E+O0
5.000E+O1 2.071E+O0 0.000E+OO 6.708E+O0 8.169E-01 8.034E-02 9.821E-03 0.000E+OO 1.517E-02 8.735E+O0
5.500E+01 2.023E+O0 0.000E+OO 6.826E+O0 8.918E-01 8.487E-02 1.004E-02 0.000E+OO 1.601E-02 8.770E+O0
6.000E+O1 2.008E+O0 0.000E+OO 7.083E+O0 9.631E-01 8.906E-02 1.017E-02 0.000E+OO 1.697E-02 9.006E+O0
6.500E+01 1.991E+O0 0.000E+OO 7.305E+O0 1.025E+O0 9.248E-02 1.020E-02 0.000E+OO 1.792E-02 9.078E+O0
7.000E+O1 1.973E+O0 0.000E+OO 7.450E+O0 1.081E+O0 9.471E-02 1.023E-02 0.000E+OO 1.893E-02 8.086E+O0
7.500E+01 1.954E+O0 0.000E+OO 7.632E+O0 1.131E+O0 9.715E-02 1.018E-02 0.000E+OO 1.989E-02 7.986E+O0
8.000E+O1 1.934E+O0 0.000E+OO 7.790E+O0 1.176E+O0 9.935E-02 1.014E-02 0.000E+OO 2.076E-02 7.921E+O0
8.500E+01 1.911E+O0 0.000E+OO 7.924E+O0 1.215E+O0 1.O1lE-01 1.008E-02 0.000E+OO 2.160E-02 7.896E+O0
9.000E+O1 1.888E+O0 0.000E+OO 8.044E+O0 1.251E+O0 1.024E-01 1.000E-02 0.000E+OO 2.252E-02 7.875E+O0
9.500E+01 1.865E+O0 0.000E+OO 8.149E+O0 1.282E+O0 1.034E-01 9.930E-03 0.000E+OO 2.353E-02 7.792E+O0
1.000ss+02 1.842E+O0 0.000E+OO 8.294E+O0 1.299E+O0 1.036E-01 9.903E-03 0.000E+OO 2.509E-02 7.789E+O0
1.1OOE+O2 1.798E+O0 0.000E+OO 8.641E+O0 1.317E+O0 1.017E-01 1.008E-02 0.000E+OO 3.019E-02 7.740E+O0
1.200E+02 1.759E+O0 0.000E+OO 8.954E+O0 1.334E+O0 1.002E-01 1.051E-02 0.000E+OO 4.389E-02 7.573E+O0
1.300E+02 1.728E+O0 0.000E+OO 9.250E+O0 1.353E+O0 9.801E-02 1.119E-02 0.000E+OO 8.831E-02 7.530E+O0
1.400E+02 1.704E+O0 0.000E+OO 9.544E+O0 1.376E+O0 9.589E-02 1.212E-02 0.000E+OO 1.086E-01 7.420E+O0
1.500E+02 1.688E+O0 0.000E+OO 9.846E+O0 1.404E+O0 9.383E-02 1.329E-02 0.000E+OO 1.223E-01 7.433E+O0

82207 = TARGET 1000Z+A (if A=O then elemental)
1001 = PROJECTILE 1000Z+A
Aver. lab emission energies for A<5 ejectiles in !6eV:
Energy neutron proton deuteron triton helium3 alpha ganlma

4.000E+OO 6.817E-01 3.415E+O0 0.000E+OO 0.000E+OO 0.000E+OO 9.851E+O0 2.374E+O0
5.000E+OO 9.290E-01 4.434E+O0 0.000E+OO 0.000E+OO 0.000E+OO 1.074E+01 8.460E-01
6.000E+OO 1.231E+O0 5.240E+O0 0.000E+OO 0.000E+OO 0.000E+OO 1.157E+01 9.547E-01
7.000E+OO 1.559E+O0 6.145E+O0 5.033E-02 0.000E+OO 0.000E+OO 1.260E+01 1.143E+O0
8.000E+OO 1.753E+O0 6.866E+O0 3.462E+O0 0.000E+OO 0.000E+OO 1.344E+01 1.329E+O0
9.000E+OO 1.872E+O0 7.493E+O0 4.454E+O0 0.000E+OO 0.000E+OO 1.434E+01 1.551E+O0
1.000E+O1 1.903E+O0 7.947E+O0 5.082E+O0 3.468E+O0 0.000E+OO 1.467E+01 1.775E+O0
1.1OOE+O1 1.845E+O0 7.61OE+OO 5.744E+O0 4.413E+O0 0.000E+OO 1.458E+01 2.009E+O0
1.200E+01 1.626E+O0 6.176E+O0 6.872E+O0 5.022E+O0 0.000E+OO 1.469E+01 2.044E+O0
1.300E+01 1.384E+O0 7.659E+O0 7.788E+O0 5.561E+O0 0.000E+OO 1.600E+01 1.468E+O0
1.400E+01 1.476E+O0 9.454E+O0 8.657E+O0 6.637E+O0 0.000E+OO 1.714E+01 9.201E-01
1.500E+01 1.615E+O0 1.060E+01 9.434E+O0 7.516E+O0 0.000E+OO 1.793E+01 7.286E-01
1.600E+01 1.724E+O0 1.142E+01 1.019E+01 8.328E+O0 0.000E+OO 1.853E+01 7.901E-01

‘i;illURTOi– IJM09E+OU- lIZ3,3ETiJZ–izij93zmiJi–y;ij2sm.0u– UJOWJET.OU– iJ90GH01–9 ;&63K-Cl
1.800E+01 1.875E+O0 1.280E+01 1.166E+01 9.698E+O0 0.000E+OO 1.957E+01 1.120E+O0
1.900E+01 1.925E+O0 1.343E+01 1.238E+01 1.034E+01 0.000E+OO 2.009E+01 1.282E+O0
2.000E+O1 1.911E+O0 1.402E+01 1.297E+01 1.1OOE+O1 0.000E+OO 2.065E+01 1.465E+O0
2.200E+01 1.847E+O0 1.51OE+O1 1.436E+01 1.212E+01 0.000E+OO 2.166E+01 1.437E+O0
2.400E+01 1.920E+O0 1.607E+01 1.568E+01 1.318E+01 0.000E+OO 2.263E+01 1.226E+O0
2.600E+01 2.068E+O0 1.698E+01 1.700E+01 1.421E+01 O.OOOE+OO 2.352E+01 1.173E+O0
2.800E+01 2.232E+O0 1.783E+01 1.829E+01 1.521E+01 0.000E+OO 2.432E+01 1.253E+O0

3.0001!+Ol2.37NMO01.8G8E+011.9SW!+011.620s!!+010.000E+OO2.505E+011.309E+O0
3.500E+01 2.645E+O0 2.087E+01 2.277E+01 1.851E+01 0.000E+OO 2.692E+01 1.131E+O0
4.000E+O1 3.081E+O0 2.320E+01 2.599E+01 2.075E+01 0.000E+OO 2.876E+01 1.198E+O0
4.500E+01 3.350E+O0 2.555E+01 2.923E+01 2.298E+01 0.000E+OO 3.031E+01 1.162E+O0
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5.000E+O1 3.657E+O0 2.788E+01 3.242E+01 2.518E+01 0.000E+OO 3.171E+01 1.161E+O0
5.500E+01 3.933E+O0 3.017E+01 3.554E+01 2.734E+01 0.000E+OO 3.299E+01 1.150E+O0
6.000E+O1 4.183E+o0 3.z27E+01 3.860E+01 2.941E+01 0.000E+OO 3.412E+01 1.112E+O0
6.500E+01 4.435E+oo 3.428E+01 4.162E+01 3.140E+01 0.000E+OO 3.504E+01 1.113E+O0
7.000E+O1 4.713E+o0 3.628E+01 4.446E+01 3.331E+01 0.000E+OO 3.572E+01 1.211E+O0
7.500E+01 4.960E+o0 3.824E+01 4.745E+01 3.51OE+O1 0.000E+OO 3.622E+01 1.231E+O0
8.000E+O1 5.199E+O0 4.019E+01 5.043E+01 3.682E+01 0.000E+OO 3.663E+01 1.233E+O0
8.500E+01 5.432E+o0 4.209E+01 5.340E+01 3.842E+01 0.000E+OO 3.688E+01 1.234E+O0
9.000E+O1 5.659E+O0 4.394E+01 5.635E+01 3.990E+01 0.000E+OO 3.691E+01 1.236E+O0
9.500E+01 5.883E+O0 4.583E+01 5.927E+01 4.126E+01 0,000E+OO 3.675E+01 1.239E+O0
1.000E+02 6.061E+O0 4.775E+01 6.214E+01 4.216E+01 0.000E+OO 3.606E+01 1.236E+O0
1.1OOE+O2 6.348E+O0 5.158E+01 6.743E+01 4.254E+01 0.000E+OO 3.341E+01 1.247E+O0
1.200E+02 6.639E+O0 5.534E+01 7.270E+01 4.172E+01 0.000E+OO 2.707E+01 1.246E+O0
1.300E+02 6.938E+O0 5.899E+01 7.752E+01 4.000E+O1 0.000E+OO 1.791E+01 1.245E+O0
1.400E+02 7.242E+O0 6.252E+01 8.212E+01 3.774E+01 0.000E+OO 1.692E+01 1.253E+O0
1.500E+02 7.551E+O0 6.598E+01 8.644E+01 3.525E+01 0.000E+OO 1.703E+01 1.264E+O0

A
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EVALUATION OF p + 208Pb CROSS SECTIONS FOR THE ENERGY
RANGE 1.OE-11 to 150 MeV

M. B. Chadwick, P. G. Young, and A. J. Koning
21 October 1996

This evaluation provides a complete representation of the
nuclear data needed for transport, damage, heating,
radioactivity, and shielding applications over the incident
neutron energy range from 1.OE-11 to 150 MeV.

The evaluation utilizes MF = 3 [MT=2 and MT=5] and MF=6 [MT=2
and MT.5] to represent aI.1 reaction data. Production cross
sections and emission spectra are given for neutrons, protons,
deuterons, tritons, alpha particles, gamma rays, and all

residual nuclides produced with non-negligible cross sections
(AsS) in the reaction chains. To summarize, the ENDF sections
with non-zero data are:

MF=3 MT=

MT=

MF=6 MT=

MT=

2

5

2

5

Integral of nuclear plus interference components
of the elastic scattering cross section

Sum of binary (n,n’) and (n,x) reactions

Elastic angular distributions given as ratios of
the differential nuclear-plus-interference to the
integrated value.

Production cross sections and enerqy-anqle
distributions for emission neutron~~ pr~tons,
deuterons, and alphas; and angle-integrated
spectra for gamma rays and residual nuclei that

are stable against particle emission

The evaluation is based on nuclear model calculations that
have been benchmarked to experimental data, especially for n +
Pb and p + Pb208 reactions (Ch96a) . We use the GNASH code system
(Y092) , which utilizes Hauser-Feshbach statistical, preequi-
librium and direct-reaction theories. Coupled-channel and
spherical optical model calculations are used to obtain particle
transmission coefficients for the Hauser-Feshbach calculations,
as well as for the elastic neutron angular distributions.

Cross sections and spectra for producing individual residual
nuclei are included for reactions that exceed a cross section of
approximately 1 nb at any energy. The energy-angle-correlations
for all outgoing particles are based on Kalbach systematic
(Ka88) .
A model was developed to calculate the energy distributions of

all recoil nuclei in the GNASH calculations (Ch96b) . The recoil
energy distributions are represented in the laboratory system in
MT=5, MF=6, and are given as isotropic in the lab system. Note
that all other data in MT.5,MF=6 are given in the center-of-mass
system. This method o-f representation requires a modification of
the original ENDF-6 format.

Preequilibrium corrections were performed in the course of the
GNASH calculations using the exciton model of Kalbach (Ka77,
Ka85), validated by comparison with calculations using Feshbach,
Ke rman, Koonin (FKK) theory [Ch93] . Discrete level data from
nuclear data sheets were matched to continuum level densities



using the formulation of Ignatyuk (Ig75) and pairing and shell
parameters from the Cook (C067) analysis. Neutron and charged-
particle transmission coefficients were obtained from the ~
optical potentials, as discussed below. Gamma-ray transmission
coefficients were calculated using the Kopecky-Uhl model (K090) .

MT=2 elastic’ scattering data in MF=3 and MF=6 are based on
optical model calculations with the SCAT2 code (Be92) . We have
made use of the Ilnuclear-plus-interference” option ‘n ‘F=6~

which corresponds to LAW=5, LTP=12, and the appropriate
integrated cross section is stored in MF=3. Note that because
of the interference effect, the tabulations in both MF=6 and
MF=3 can be negative at some energies and angles.

*************** *************** *************** *************** ****
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82208 = TARGET 1000Z+A (if A.O then elemental)
1001 = PROJECTILE 1000z+A
Nonelastic, elastic, and Production cross sections for A<5 .sjectiles in barns:
Energy nonelas elastic neutron proton deuteron triton helium3 alpha gasslla

““,
4.000E+OO 1.000E-20 0.000E+OO 1.000E-20 l.000E-20” 0.000E+00””0. 000E+OO 0.000E+OO’ 1.000E-20 1.000E-20
.5.000E+OO 5.166E-04 0.000E+OO 5.158E-04 2.465E-12 0.000E+OO 0.000E+OO 0.000E+OO 1.284E-08 8.949E-04
6.000E+OO 1.524E-03 0.000E+OO 1.523E-03 3.953E-10 0.000E+OO 0.000E+OO 0.000E+OO 5.591E-08 3.351E-03
7.000E+OO 1.104E-O2 O.OOOE+OO 1.103E-O2 6.529E-08 0.000E+OO 0.000E+OO 0.000E+OO 3.641E-07 2.642E-02
8.000E+OO 3.672E-02 0.000E+OO 3.669E-02 9.051E-07 9.421E-09 0.000E+OO 0.000E+OO 2.424E-06 1.006E-01
9.000E+OO 9.41OE-O2 0.000E+OO 9.399E-02 9.304E-06 7.514E-09 1.246E-08 0.000E+OO 1.059E-05 2.771E-01
1.000E+O1 2.107E-O1 0.000E+OO 2.104E-O1 4.407E-05 1.457E-07 2.O1lE-08 0.000E+OO 3.351E-05 6.537E-01
1.1OOE+O1 3.644E-01 0.000E+OO 3.760E-,01 2.313E-04 9.218E-07 1.321E-07 0.000E+OO 8.482E-05 1.145E+O0
1.200E+01 5.192E-01 0.000E+OO 7.088E-01 7.670E-04 4.212E-06 4.759E-07 0.000E+OO 1.690E-04 1.112E+O0
1.300E+01 6.749E-01 0.000E+OO 1.134E+O0 1.934E-03 3.271E-05 1.912E-06 0.000E+OO 2.676E-04 9.686E-01
1.400E+01 8.304E-01 0.000E+OO 1.524E+O0 4.448E-03 1.717E-04 9.843E-06 0.000E+OO 3.901E-04 1.137E+O0
1.500E+01 9.732E-01 0.000E+OO 1.846E+O0 8.542E-03 6.048E-04 4.289E-05 0.000E+OO 5.675E-04 1.549E+O0
1.600E+01 1.097E+O0 0.000E+OO 2.101E+OO 1.464E-02 1.440E-03 1.367E-04 0.000E+OO 8.297E-04 2.101E+OO
1.700E+01 1.211E+O0 0.000E+OO 2.317E+O0 2.279E-02 2,.814E-03 3.281E-04 0.000E+OO 1.197E-03 2.724E+O0
1.800E+01 1.312E+O0 0.000E+OO 2.499E+O0 3.278E-02 4.656E-03 6.381E-04 0.000E+OO 1.659E-03 3.367E+O0
1.900E+01 1.403E+O0 0.000E+OO 2.657E+O0 4.446E-02 6.899E-03 1.052E-03 0.000E+OO 2.207E-03 4.014E+O0
2.000E+O1 1.485E+O0 0.000E+OO 2.833E+O0 6.005E-02 9.353E-03 1.496E-03 0.000E+OO 2.799E-03 4.509E+O0
2.200E+01 1.619E+O0 0.000E+OO 3.550E+O0 9.015?3-02 1.497E-02 2.607E-03 0.000E+OO 4.058E-03 4.528E+O0
2.400E+01 1.724E+O0 0.000E+OO 4.216E+O0 1.237E-01 2.105E-O2 3.780E-03 0.000E+OO 5.235E-03 4.450E+O0
2.600E+01 1.809E+O0 0.000E+OO 4.585E+O0 1.589E-01 2.708E-02 4.933E-03 0.000E+OO 6.365E-03 5.156E+O0
2.800E+01 1.881E+O0 0.000E+OO 4.795E+O0 2.049E-01 3.31OE-O2 5.990E-03 0.000E+OO 7.430E-03 6.1OOE+OO
3.000E+O1 1.939E+O0 0.000E+OO 5.094E+O0 2.572E-01 3.906E-02 6.927E-03 0.000E+OO 8.409E-03 6.464E+O0
3.500E+01 2.033E+O0 0.000E+OO 5.945E+O0 4.120E-01 5.298E-02 8.600E-03 0.000E+OO 1.035E-02 6.711E+O0
4.000E+O1 2.081E+O0 0.000E+OO 6.172E+O0 5.836E-01 6.51OE-O2 9.616E-03 0.000E+OO 1.182E-02 8.066E+O0
4.500E+01 2.091E+O0 0.000E+OO 6.634E+O0 7.003E-01 7.304E-02 1.021E-02 0.000E+OO 1.301E-02 7.999E+O0
5.000E+O1 2.071E+O0 0.000E+OO 6.820E+O0 8.005E-01 7.918E-02 1.053E-02 0.000E+OO 1.394E-02 8.283E+O0
5.500E+01 2.023E+O0 0.000E+OO 6.946E+O0 8.774E-01 8.379E-02 1.067E-02 0.000E+OO 1.462E-02 8.082E+O0
6.000E+O1 2.008E+O0 0.000E+OO 7.168E+O0 9.512E-01 8.805E-02 1.074E-02 0.000E+OO 1.545E-02 8.286E+O0
6.500E+01 1.991E+O0 0.000E+OO 7.388E+O0 1.014E+O0 9.153E-02 1.072E-02 0.000E+OO 1.625E-02 8.489E+O0
7.000E+O1 1.973E+O0 0.000E+OO 7.511E+O0 1.070E+O0 9.478E-02 1.064E-02 0.000E+OO 1.704E-02 7.724E+O0
7,500E+01 1.954E+O0 0.000E+OO 7.689E+O0 1.120E+O0 9.761E-02 1.056E-02 0.000E+OO 1.781E-02 7.829E+O0
8.000E+O1 1.934E+O0 0.000E+OO 7.870E+O0 1.162E+O0 1.000E-01 1.051E-02 0.000E+OO 1.860E-02 7.763E+O0
8.500E+01 1.911E+O0 0.000E+OO 8.008E+O0 1.200E+O0 1.013E-01 1.042E-02 0.000E+OO 1.937E-02 7.637E+O0
9.000E+O1 1.888E+O0 0.000E+OO 8.127E+O0 1.233E+O0 1.026E-01 1.032E-02 0.000E+OO 2.012E-02 7.605E+O0
9.500E+01 1.865E+O0 0.000E+OO 8.254E+O0 1.259E+O0 1.034E-01 1.023E-02 0.000E+OO 2.103E-O2 7.525E+O0
1.000E+02 1.842E+O0 0.000E+OO 8.440E+O0 1.271E+O0 1.031E-01 1.020E-02 0.000E+OO 2.244E-02 7.398E+O0
1.1OOE+O2 1.798E+O0 0.000E+OO 8.784E+O0 1.291E+O0 1.019E-01 1.033E-02 0.000E+OO 2.613E-02 7.317E+O0
1.200E+02 1.759E+O0 0.000E+OO 9.098E+O0 1.307E+O0 1.002E-01 1.072E-02 0.000E+OO 3.101E-O2 7.304E+O0
1.300E+02 1.728E+O0 0.000E+OO 9.395E+O0 1.324E+O0 9.81OE-O2 1.139E-02 0.000E+OO 4.311E-02 7.221E+O0
1.400E+02 1.704E+O0 0.000E+OO 9.694E+O0 1.347E+O0 9.461E-02 1.231E-02 0.000E+OO 7.809E-02 7.193E+O0
1.500E+02 1.688E+O0 0.000E+OO 1.000E+O1 1.373E+O0 9.256E-02 1.349E-02 0.000E+OO 1.069E-01 7.175E+O0

82208 = TARGET 1000Z+A (if A.O then elemental)
1001 = PROJECTILE 1000z+A
Aver. lab emission energies for A<5 ejectiles in MeV:
Energy neutron proton deuteron triton helium3 alpha gamma

4.000E+OO 1.867E-01 5.009E-02 0.000E+OO 0.000E+OO 0.000E+OO 1.031E+01 1.219E+O0
.5.000E+OO 7.598E-01 2.241E+O0 0.000E+OO 0.000E+OO 0.000E+OO 1.074E+01 3.665E-01
6.000E+OO 1.227E+O0 3.237E+O0 0.000E+OO 0.000E+OO 0.000E+OO 1.169E+01 5.171E-01
7.000E+OO 1.624E+O0 4.227E+O0 0.000E+OO 0.000E+OO 0.000E+OO 1.264E+01 7.246E-01
8.000E+OO 1.831E+O0 5.060E+O0 2.735E+O0 0.000E+OO O.OOOE+OO 1.373E+01 9.227E-01
9.000E+OO 1.984E+O0 5.607E+O0 3.727E+O0 3.220E+O0 0.000E+OO 1.453E+01 1.131E+O0
1.000E+O1 2.059E+O0 6.437E+O0 4.594E+O0 4.201E+O0 0.000E+OO 1.479E+01 1.373E+O0
1.1OOE+O1 1.940E+O0 7.225E+O0 5.312E+O0 4.856E+O0 0.000E+OO 1.520E+01 1.616E+O0
1.200E+01 1.563E+O0 7.818E+O0 6.312E+O0 5.247E+O0 0.000E+OO 1.608E+01 1.707E+O0
1.300E+01 1.456E+O0 8.812E+O0 7.308E+O0 6.285E+O0 0.000E+OO 1.708E+01 1.509E+O0
1.400E+01 1.529E+O0 9.760E+O0 8.224E+O0 7.270E+O0 0.000E+OO 1.786E+01 1.228E+O0
1.500E+01 1.651E+O0 1.056E+01 9.073E+O0 8.102E+OO 0.000E+OO 1.849E+01 1.169E+O0
1.600E+01 1.778E+O0 1.123E+01 9.857E+O0 8.813E+O0 0.000E+OO 1.906E+01 1.242E+O0
1.700E+01 1.882E+O0 1.188E+01 1.063E+01 9.456E+O0 0.000E+OO 1.957E+01 1.339E+O0
1.800E+01 1.969E+O0 1.252E+01 1.131E+01 1.009E+01 0.000E+OO 2.004E+01 1.459E+O0
1.900E+01 2.031E+O0 1.313E+01 1.203E+01 1.073E+01 0.000E+OO 2.048E+01 1.591E+O0
2.000E+O1 2.046E+O0 1.375E+01 1.264E+01 1.134E+01 0.000E+OO 2.086E+01 1.639E+O0
2.200E+01 1.943E+O0 1.487E+01 1.404E+01 1.247E+01 0.000E+OO 2.185E+01 1.428E+O0
2.400E+01 2.004E+O0 1.596E+01 1.540E+01 1.354E+01 0.000E+OO 2.289E+01 1.115E+O0
2.600E+01 2.144E+O0 1.682E+01 1.673E+01 1.457E+01 0.000E+OO 2.382E+01 1.093E+O0
2.800E+01 2.290E+O0 1.771E+01 1.803E+01 1.557E+01 0.000E+OO 2.466E+01 1.225E+O0

3.000E+O1 2.384E+O0 1.856E+01 1.932E+01 1.657E+01 0.000E+OO 2.548E+01 1.296E+O0
3.500E+01 2.654E+O0 2.077E+01 2.252E+01 1.887E+01 0.000E+OO 2.756E+01 1.147E+O0
4.000E+O1 3.101E+OO 2.309E+01 2.575E+01 2.l12E+01 0.000E+OO 2.944E+01 1.203E+O0
4.500E+01 3.357E+O0 2.546E+01 2.896E+01 2.336E+01 0.000E+OO 3.113E+01 1.145E+O0
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5.000E+O1 3.662E+O0 2.786E+01 3.213E+01 2.557E+01 0.000E+OO 3.268E+01 1.147E+O0
5.500E+01 3.927E+O0 3.024E+01 3.525E+01 2.775E+01 0.000E+OO 3.41OE+O1 1.156E+O0
6.000E+O1 4.188E+O0 3.242E+01 3.830E+01 2.984E+01 0.000E+OO 3.530E+01 1.149E+O0
6.500E+01 4.436E+O0 3.447E+01 4.132E+01 3.185E+01 0.000E+OO 3.632E+01 1.136E+O0
7.000E+O1 4.714E+O0 3.663E+01 4.441E+01 3.373E+01 0.000E+OO 3.711E+01 1.262E+O0
7.500E+01 4.957E+O0 3.862E+01 4.750E+01 3.554E+01 0.000E+OO 3.772E+01 1.260E+O0
8.000E+O1 5.192E+O0 4.046E+01 5.048?5+01 3.727E+01 0.000E+OO 3.817E+01 1.254E+O0
8.500E+01 5.418E+O0 4.245E+01 5.334E+01 3.889E+01 0.000E+OO 3.838E+01 1.253E+O0
9.000E+O1 5.641E+O0 4.443E+01 5.630E+01 4.039E+01 0.000E+OO 3.846E+01 1.257E+O0
9.500E+01 5.845E+O0 4.641E+01 5.924E+01 4.168E+01 0.000E+OO 3.825E+01 1.262E+O0
1.000E+02 5.988E+O0 4.836E+01 6.21OE+O1 4.238E+01 0.000E+OO 3.746E+01 1.270E+O0
1.1OOE+O2 6.273E+O0 5.217E+01 6.769E+01 4.280E+01 0.000E+OO 3.544E+01 1.280E+O0
1.200E+02 6.563E+O0 5.603E+01 7.299E+01 4.203E+01 0.000E+OO 3.315E+01 1.269E+O0
1.300E+02 6.860E+O0 5.982E+01 7.796E+01 4.031E+01 0.000E+OO 2.765E+01 1.270E+O0
1.400E+02 7.167E+O0 6.348E+01 8.196E+01 3.802E+01 0.000E+OO 1.935E+01 1.272E+O0
1.500E+02 7.474E+O0 6.705E+01 8.636E+01 3.549E+01 0.000E+OO 1.697E+01 1.274E+O0



p+ 208Pbnonelastic and production cross sections
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p+ 208Pbangle-integrated emission spectra



p +208Pb Kalbach preequilibrium ratios
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